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PREFACE 
The world population has surpassed 7 billion people and we are moving towards 
an increasingly developed welfare society. But our high standards of living have a 
huge impact on the environment. Green-tech applications are rapidly being 
developed to replace fossil fuels by renewable energy, but the quantity of raw 
materials needed for these sophisticated applications is immense. More and more 
intensive mining activities for the production of raw materials have led to a 
situation of resource scarcity. Moreover, primary deposits are geographically 
concentrated, mainly outside Europe, thus causing geopolitical risks for domestic 
production. The essential transition towards a low-carbon economy can be secured 
only as soon as technological metals can be produced self-sufficiently, in a 
sustainable way. Therefore, new technologies must be developed. 
 
My fascination with science and motivation “to improve the world” incented me 
to start this PhD. I investigated the recovery of critical metals from dilute aqueous 
waste streams. By modification of biopolymers, high-performance adsorbent 
materials with a high selectivity for specifically targeted metals were obtained. 
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ABSTRACT 
Critical metals are defined as economically important metals with a high supply 
risk. On one hand, their availability is essential for the production of high-tech and 
green-tech applications, in turn crucial to enable the transition towards a low-
carbon economy. On the other hand, their supply is vulnerable to geopolitically or 
economically driven fluctuations, since the market of technological metals is 
dominated by only a handful of countries (notably China). In order to ensure a 
self-sufficient supply of critical metals in a sustainable way, alternatives for primary 
production are fully explored. A circular economy aims at a more efficient use of 
resources by closing the materials loop and reusing "waste" as a secondary raw 
materials source. This demands new methods and technologies. For instance, in 
the case of dilute waste streams from industrial processes, the challenge is to 
efficiently recover very low concentrations of valuable metals from huge volumes 
of waste water. Adsorption is considered to be the key technology to do so. 
 
The biopolymers chitosan and alginate were examined for adsorption of critical 
metals from dilute aqueous solutions. Their use holds several advantages. They 
have interesting physicochemical characteristics and a high adsorption capacity. 
Given their natural origin, biopolymers are biodegradable and renewable, which 
also makes them easily available, in any quantity and at low cost. Chitosan, for 
example, is derived from crustacean waste produced by the seafood industry. 
Although biopolymers appear to be excellent sorbent materials, they do not always 
show the desired mechanical properties. They are non-porous, exhibit strong, 
solvent dependent swelling behavior and have an elastic character. By sol-gel 
chemistry with silica precursors, chitosan-silica hybrid materials were obtained, 
with covalent bonds between the entangled networks of the organic material and 
the inorganic carrier. In these hybrid materials, the advantages of both components 
were combined, thus obtaining superior properties in terms of porosity, surface 
area, rigidity and chemical resistance. 
 
Another feature of biopolymers is the high availability of functional groups. These 
enable chemical modification of the biopolymers. The abundant amino groups 
on chitosan were used for direct immobilization of various organic ligands with a 
high affinity for particular (critical) metals. As such, chitosan-silica was 
functionalized with the chelating agents ethylenediaminetetraacetic acid (EDTA) 
and diethylenetriaminepentaacetic acid (DTPA). The adsorption performance of 
the resulting materials was investigated from single-element solutions of 
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neodymium(III). During adsorption studies from a multi-element mixture, a high 
affinity was observed for the lanthanides as a group, but also between the mutually 
different lanthanides, a high selectivity was revealed. Selectivity between distinct 
metal ions results when the stability of the complexes formed by the organic ligand 
and the respective metal ions is different. The speciation of europium(III) 
coordinated to DTPA-chitosan-silica was studied by luminescence spectroscopy 
and EXAFS. These measurements indicated a hydration number of 1 and a total 
coordination number of 9 for the central europium(III) ion. Functionalization of 
chitosan-silica with ethyleneglycoltetraacetic acid (EGTA) resulted in a material 
with an extremely high selectivity for scandium(III), especially compared to 
iron(III), which normally behaves very similar. Separation by chelating ion-
exchange chromatography with EGTA-chitosan-silica as the stationary phase 
enabled the isolation of scandium(III) from a leachate of Greek bauxite residue. 
By immobilization of 8-hydroxyquinoline (8-HQO) and 8-hydroxyquinaldine (8-
HQA), materials with a high selectivity for gallium(III) were obtained. Proper 
control of the experimental parameters during the desorption stage allowed the 
separation of low concentrations of gallium(III) from the major, low-grade 
aluminosilicate matrix in a highly alkaline synthetic Bayer liquor sample. 
 
Given the aim to utilize these materials in industrial chromatography columns, 
attention was also paid to structural design. With spherically shaped particles 
based on alginate, the best way to incorporate silica was investigated. Then, the 
alginate spheres were simultaneously hybridized and functionalized with sulfonic 
acid groups by means of co-condensation reactions between tetramethyl 
orthosilicate (TMOS) and (3-mercaptopropyl) trimethoxysilane (MPTMS). The 
alginate-sulfonate-silica (ASS) particles showed a high adsorption capacity and 
selectivity for indium, which could be separated together with gallium from a 
simulated leachate of a zinc refinery residue. 
 
In summary, high-performance adsorbent materials based on biopolymers 
were developed during this PhD. These materials have proven to be particularly 
suitable for the selective recovery and separation of critical metals from dilute 
waste streams of industrial processes. In time, this knowledge should allow a more 
efficient use of our resources in the transition towards a more sustainable future. 
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SAMENVATTING 
Kritieke metalen worden gedefinieerd als zijnde economisch belangrijke metalen 
met een hoog bevoorradingsrisico. Enerzijds is hun beschikbaarheid essentieel 
voor de productie van high-tech en green-tech toepassingen, op hun beurt cruciaal 
om de transitie naar een koolstofarme economie mogelijk te maken. Anderzijds is 
hun bevoorrading kwetsbaar voor geopolitiek of economisch gedreven fluctuaties, 
aangezien de markt van technologische metalen gedomineerd wordt door slechts 
een handvol landen (met name China). Teneinde een zelfvoorzienende 
bevoorrading van kritieke metalen te kunnen garanderen op een duurzame manier, 
worden alternatieven voor primaire productie volop onderzocht. Een circulaire 
economie houdt een efficiënter grondstoffengebruik in, door de materiaalcyclus 
te sluiten en “afval” opnieuw in te zetten als secundaire grondstofbron. Dit vereist 
nieuwe methodologieën en technologieën. Bij afvalstromen van industriële 
processen bijvoorbeeld, bestaat de uitdaging erin zeer lage concentraties 
waardevolle metalen op een efficiënte manier terug te winnen uit enorme volumes 
afvalwater. Adsorptie wordt hiervoor beschouwd als de technologie bij uitstek. 
 
De biopolymeren chitosan en alginaat werden onderzocht om kritieke metalen 
uit verdunde waterige oplossingen te adsorberen. Biopolymeren hebben 
verschillende voordelen: ze hebben interessante fysicochemische eigenschappen 
en een hoge adsorptiecapaciteit. Gezien hun natuurlijke afkomst zijn biopolymeren 
biologisch afbreekbaar en hernieuwbaar, hetgeen ze tevens quasi onbeperkt en 
goedkoop voorradig maakt. Chitosan bijvoorbeeld komt voort uit het afval van 
schaaldieren uit de voedingsindustrie. Hoewel biopolymeren excellente sorbenten 
blijken, hebben ze niet altijd de gewenste mechanische eigenschappen. Ze zijn 
aporeus, vertonen sterk, solventafhankelijk zwelgedrag en hebben een elastisch 
karakter. Door middel van sol-gel chemie met silica precursoren werden chitosan-
silica hybride materialen bekomen met covalente bindingen tussen de 
verstrengelde netwerken van het organisch en het anorganisch materiaal. In deze 
hybride materialen werden de voordelen van beide componenten gecombineerd 
en aldus superieure eigenschappen bekomen op het vlak van porositeit, 
beschikbare oppervlakte, rigiditeit en chemische resistentie. 
 
Een evenzeer gunstige eigenschap van biopolymeren is de hoge beschikbaarheid 
van functionele groepen. Die maken het eenvoudig biopolymeren naar believen 
chemisch te modificeren. De talrijke aminogroepen op chitosan werden 
aangewend voor het immobiliseren van verschillende organische liganden met een 
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hoge affiniteit voor specifieke (kritieke) metalen. Zo werd chitosan-silica 
gefunctionaliseerd met de chelerende agentia ethyleendiaminetetra-azijnzuur 
(EDTA) en diethyleentriaminepenta-azijnzuur (DTPA). Het adsorptiegedrag van 
de resulterende materialen werd onderzocht vanuit neodymium(III) oplossingen. 
Gedurende adsorptietesten met multi-elementoplossingen werd een hoge affiniteit 
waargenomen voor de lanthaniden als groep, maar ook tussen de verschillende 
lanthaniden onderling bleek een hoge selectiviteit te zijn. Selectiviteit tussen 
verschillende metaalionen ontstaat wanneer de stabiliteit van de complexen 
gevormd door een organisch ligand en de respectievelijke metaalionen verschilt. 
De speciatie van europium(III) gecoördineerd aan DTPA-chitossan-silica werd 
bestudeerd door middel van luminescentiespectroscopie en EXAFS. Deze 
metingen gaven een hydratatiegetal van 1 en een totaal coördinatiegetal van 9 aan 
voor het centrale europium(III) ion. Functionalisatie met ethyleenglycoltetra-
azijnzuur (EGTA) resulteerde in een materiaal met een bijzonder hoge selectiviteit 
voor scandium(III), vooral in vergelijking met ijzer(III), dat zich normaal heel 
gelijkaardig gedraagt. Door middel van kolomchromatografie met EGTA-
chitosan-silica als stationaire fase was het mogelijk scandium(III) te isoleren van 
een uitloogstaal van Grieks bauxietresidu. Door immobilisatie van 8-
hydroxyquinoline (8-HQO) en 8-hydroxyquinaldine (8-HQA) werden materialen 
met een hoge selectiviteit voor gallium(III) bekomen. Door een gerichte controle 
van de experimentele desorptieparameters kon gallium(III) gescheiden worden van 
de laagwaardige aluminosilicaatmatrix in een sterk basische Bayeroplossing. 
 
Gezien het doel deze materialen te gebruiken in industriële chromatografie-
kolommen werd ook aandacht besteed aan de vormgeving. Met sferische partikels 
op basis van alginaat werd de beste methode onderzocht om silica te incorporeren. 
Vervolgens werden de alginaatsferen simultaan gehybridiseerd en 
gefunctionaliseerd met sulfonzuurgroepen door middel van co-condensatiereacties 
tussen tetramethylorthosilicaat (TMOS) en (3-mercaptopropyl) trimethoxysilaan 
(MPTMS). De alginaat-sulfonaat-silica (ASS) partikels vertoonden een hoge 
adsorptiecapaciteit en selectiviteit voor indium(III), dat met gallium(III) kon 
afgezonderd worden van een gesimuleerd uitloogresidu van een zinkraffinaderij. 
 
Samengevat, tijdens dit doctoraat werden performante adsorbenten ontwikkeld 
uitgaande van biopolymeren. Deze bleken uiterst geschikt voor de selectieve 
terugwinning en scheiding van kritieke metalen uit verdunde afvalstromen van 
industriële processen. Op termijn moet deze kennis een efficiënter gebruik van 
onze grondstoffen mogelijk maken in de transitie naar een duurzamere toekomst. 
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NTRODUCTION  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Human history has been defined by the dominant metal of each Age. 
Now it is time for the Clean Metal Age.” 
 
Powell, PhD in Materials Engineering (MIT) 
 

Introduction 
 
3 
1.1 RECOVERY OF CRITICAL METALS 
1.1.1 TOWARDS A CIRCULAR ECONOMY 
 
It has been scientifically established that our economies have overshot Earth’s 
ecological capacity. Anthropogenic pressure on energy and raw materials have 
reached a scale where abrupt global environmental change can no longer be 
excluded.1 This is a consequence of two main trends on a global scale: 1) an 
increasing population (especially the middle class), and 2) an increasing welfare. 
The higher living standard of the middle class is reflected by a rich material life, 
related to housing, transport and technological goods. It has been stated in a report 
of the UNEP that the global demand for metals would increase up to ninefold 
when developing countries reach the same living standard as developed countries.2  
 
Meeting the growing material aspirations of people all over the world requires 
escalating extraction, processing and transport of resources. The result is resource 
stress, driven in part by the scale and speed of demand growth from emerging 
economies.3 Resource scarcity originates when there is a lack of adequate supply 
to meet demand.4 Questions arise over the adequacy of existing resources to meet 
future needs. The “low-hanging fruit” has already been harvested: the rich, high-
quality and easily minable ores have been exploited. One has to move to more 
remote areas and dig deeper to find lower-quality deposits with more complex 
compositions. A vicious circle arises, since more sophisticated and material-
demanding technologies and infrastructure are required to meet lower process 
efficiencies. In fact, the mining industry is one of the largest consumers of raw 
materials. Intensified mining activities also have an inevitable impact on the 
environment. Erosion, eutrophication and biodiversity loss are just a few effects 
resulting from the clearance of forests, contamination of soil, ground and surface 
water, and the use of poisonous chemicals in the pursuit of minerals, metals and 
oil.5 Processing these also requires large amounts of energy. Hence, the mining 
industry is also one of the main sources of CO2 emission and other air pollutants. 
 
In addition, the growing hunger for resources causes a systematic and continual 
rise in commodity prices. Raw material production is located in a limited number 
of countries, since reserves are not spread evenly across the world. The economic 
implication is a high volatility of prices, sensitive to geopolitical situations. In Figure 
1, the major countries supplying critical raw materials to the EU are presented (see 
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also §1.2). This map reflects the general lack of primary production in Europe, 
due to geographical or economical reasons. Only about 9% of the critical raw 
materials is mined within the EU.6 For the major part, we are strongly dependent 
on import. Consequently, domestic manufacture of products is vulnerable to 
geopolitical risks. The best example is given here by the rare-earth crisis. In 2010, 
China drove global rare-earth prices sharply upwards (in some cases tenfold) when 
it slashed its export quota on these elements. In 2014, after Beijing lost the global 
trade dispute at the WTO, China dropped the tight quota, but the move served as 
a wake-up call for the EU to reduce their reliance on Chinese supplies. Since then, 
the European government has realized the importance of securing a stable, self-
sufficient supply of raw materials in a sustainable way. 
 
 
Figure 1: Major supplying countries of EU critical raw materials (reproduced from the EC report 
on critical raw materials, 2014).6 
Clearly, the way we manage the remainder of natural resources comprises one of 
the main challenges of the 21st century, to avoid irreversible depletion of the 
resources that power our economies and lift people out of poverty.2 The IRP, a 
consortium of 34 internationally renowned scientists, states that “decoupling 
escalating material consumption from economic growth is the imperative of 
modern environmental policy and essential for the prosperity of human society 
and a healthy natural environment".7 The statement is based on the current 
economic model of a linear economy, which is based on the “from the cradle to 
the grave”, or “take, make, waste” principle: materials are sourced, manufactured 
into products that are used by consumers for a certain amount of time. Eventually, 
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the End-of-Life (EoL) products are incinerated or disposed on landfills. The 
problems related to a linear economy – resource depletion, material insecurity and 
negative environmental impact – pressurize the flexibility of the current linear 
economy. In this outmoded business model, economic growth is embodied by 
increasing production and corresponding mining of raw materials. In contrast with 
a linear economy, a circular economy aims to close the material loop by 
maximizing the reusability of products and raw materials and minimizing value loss 
(Figure 2). The circular economy comprises a more sustainable business model, in 
which growth is achieved by value preservation and value creation.  
 
 
Figure 2: Presentation of the circular-economy model (reproduced from the webpage of ERA-
MIN 2, 2016).8 Next to recycling, also mining residues are included in the extraction stage as 
secondary resources, complementary to primary resources. After mineral processing, raw materials 
are expected to remain in the (infinite) lifecycle loop. To meet shortages of certain raw materials, 
substitution is also considered during the design stage of products. 
Resource efficiency involves the optimal use of raw materials across the product 
lifecycle and value chain, from material extraction and conversion, product design 
and manufacture, transport, consumption and reuse, to recovery or recycling.9 The 
opportunities to improve the resource efficiency of a product and minimize losses 
throughout the lifecycle are not limited to a specific stage of the lifecycle. Close 
collaboration between agencies, companies and disciplines is required, since 
improvements at one stage can have a profound impact on another. By using less 
material resources and replacing short product life cycles with (infinite) reuse, 
society could reduce the risks linked with the current way of doing business. 
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1.1.2 TARGETING CRITICAL METALS 
 
Since the industrial revolution, the world’s economy is dependent on a select 
number of base metals.9 They are used in large quantities and form the backbone 
of our infrastructure and a wide variety of products. The base metals include iron, 
copper, aluminium, magnesium and zinc. By combination of these and other 
metals, a spectrum is obtained with vastly different properties in terms of strength, 
hardness, temperature resistance and deformability. Our modern economy makes 
use of a broad range of technological metals including precious metals (rhodium, 
palladium, silver, platinum, gold, etc.), REEs (scandium, yttrium and the 
lanthanides), semiconductors (germanium, selenium, antimony, etc.) and others 
(lithium, cobalt, gallium, indium, etc.).9 Although they are mostly used in very small 
quantities, high-tech and green-tech products strongly depend on these metals. 
This is due to their very specific physical or chemical properties, such as their 
conductivity, melting point, emission spectrum, magnetic or optical properties and 
catalytic efficiency.9 Rapid succession of technology advances generates 
increasingly sophisticated applications that require components with increasingly 
complex compositions containing increasingly “exotic” metals. 
 
Especially the availability of technological metals is affected by a growing demand 
pressure from emerging economies and global markets. As discussed before, the 
accelerating pace of metal production will inevitably lead to shortages of certain 
metals in the long term. To address which metals are sensitive to supply disruption, 
“critical metals“ are defined, being characterized by a high economic importance 
and a high supply risk. Assessing the criticality of a metal is not always 
straightforward. Regarding their economic importance, demand for particular 
metals strongly depends on the timeframe. Especially in the case of high-tech 
applications, like smartphones, electronic displays and electric vehicles, the 
composing elements, and the value of a specific element, can change very rapidly. 
The supply risk is generally evaluated according to three factors: substitutability, 
recycling rate and geographic concentration, the latter also related to perceived 
political risk. In the last decades, certain countries have developed quasi-monopoly 
positions on the production of specific metals. Examples are South Africa and 
Russia for PGMs, Brasil for niobium, and the US for beryllium (Figure 1, §1.1). 
China in particular has built a prominent role in the production of rare metals and 
is now the major producer of 14 of the 20 critical raw materials for the EU.6 It 
controls more than 85% of the global antimony, magnesium and tungsten 
production and about 90% of the rare-earth production.   
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In 2014, a report was released by the EC to identify the 20 most critical raw 
materials for the EU (Figure 3).6 This report discussed current and future demand 
trends and supply risks for the critical metals. The analysis mainly highlighted 
technological metals, including the (heavy and light) REEs, germanium, indium, 
gallium and antimony. For some of these metals, it is predicted that their demand, 
for the purpose of new technologies (mainly related to renewable energy), will 
exceed their global supply by a factor of three by 2030. Ambitious prospects 
regarding a green-economy boost usually assume that sufficient energy and raw 
materials will be available, but that is not always a matter of course.10 What follows 
is a discussion about the critical metals that were considered during this PhD 
research: the rare-earth elements (REEs, especially scandium), gallium and indium. 
 
 
Figure 3: Assessing criticality in the EU for 54 non-energy, non-agricultural materials 
(reproduced from the EC report on critical raw materials, 2014).6 
RARE-EARTH ELEMENTS 
 
The REEs or rare earths are a coherent group of 17 elements in the periodic table, 
including the 15 lanthanides (atomic numbers 57-71) and the elements scandium 
and yttrium. They are crucial to hundreds of high-tech applications, many of which 
define our modern way of life. The versatility and specificity of the REEs has given 
them a high level of technological, environmental and economic importance, also 
because substitutes for the REEs are inferior or unknown.11 In LED lamps for 
instance, they make up less than 1% of the overall weight, but they are vital for the 
lamps’ characteristics and functionality, as the emission of light is created by 
electron excitation rather than heat generation.9   
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REEs have diverse nuclear, catalytic, electrical, magnetic and optical properties, 
which leads to an increasing variety of applications. Small, lightweight, high-
strength REE magnets have allowed the miniaturization of numerous electrical 
and electronic components used in appliances, audio and video equipment, 
computers, automobiles, communication systems, and military gear.12 REEs are 
the key to the emergence of green technology, such as the new generation of wind 
turbines, electric vehicles and energy-efficient lights.13 Other applications include 
lasers, medical imaging devices and aerospace systems. 
 
Although their name suggests otherwise, rare earths are not that rare. But REEs 
are found naturally as mixtures of different metals, which are dispersed in hundreds 
of minerals and hard to separate.14 Because of the complex composition of rare-
earth minerals (often containing radioactive impurities as well), the cost of 
extraction, processing and refinement is high. Hence, only a few of these minerals 
can be mined in an economically feasible way and may be considered “reserves”.15 
This explains why most of the world’s supply comes from only a few sources. Over 
the past 10 years, about 90% of the REEs were obtained from Chinese mines, as 
shown in Figure 4.16 Although only 50% of the global REE reserves are located in 
China, its dominance in the mining field can be explained by the country’s cheap 
labor advantage, its notable economic growth, its continuous effort to expand 
knowledge through R&D, the strong governmental support to private companies, 
and its mild environmental legislation.17 Especially the latter makes mining 
activities elsewhere non-competitive with those in China. 
 
Figure 4: Global production of rare-earth oxides over the past 50 years (figure constructed by 
statistical data from the US Geological Survey).18  
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Together with yttrium, also scandium is classified as a REE, since it tends to occur 
in the same deposits and exhibits similar properties to the lanthanides. It is a soft, 
silvery-white metal, with atomic number 21. Scandium has a general occurrence in 
the earth’s crust of around 22 ppm, so its abundancy is higher than that of lead 
and mercury and similar to that of cobalt.19 However, its occurrence is dispersed. 
Since scandium does not selectively combine with the common ore-forming 
anions, no deposits exist with sufficient quantities or grades to be considered as 
reserves.20 Geologically formed minerals rarely contain scandium concentrations 
over 100 ppm. Hence, scandium is commonly produced as a by-product from the 
processing of rare-earth and uranium ores. Red mud tailings from the Bayer 
process, which produces alumina from bauxite, form a potentially interesting 
resource.21 Bauxite residue typically contains 50 to 100 ppm of scandium, but some 
locations, like Russia and Jamaica, show concentrations higher than 150 ppm, 
depending on the ore type and the process route.22,23 
 
The current global production of scandium oxide is about 10 tonnes per year, 
which is very small. Hence, the price for scandium oxide is as high as US$ 5,400/kg 
(99.99% grade, 2014).24 Because of the low and expensive availability of scandium, 
its use covers a niche market, with applications mainly originating from the use of 
scandium as a ‘spice’ metal (in a concentration less than 1%) to enhance the 
strength of alloys, such as aluminium.25 The superior properties that result from 
scandium-aluminium alloys, such as light weight, high strength, good thermal 
resistance, and durability, are exploited nowadays in fighter planes, high-end 
bicycle frames and baseball bats.26 Another important application is in solid oxide 
fuel cells, in which scandia-stabilized zirconia is used as a highly efficient 
electrolyte. Since the high oxygen-ion conductivity arises at lower temperatures, 
the component’s lifetime is significantly extended.27 
 
GALLIUM 
 
Gallium, with atomic number 31, is a soft, silvery metal and has similarities to 
aluminum, indium, and thallium. The EC drafted it as a critical element.6 Given its 
use in a range of high-tech applications, like integrated circuits, opto-electronics 
and photovoltaic solar cells, it can be predicted that the market for gallium will 
continue to expand in the future.28 A supply risk arises from the fact that only 12% 
of the global gallium supply is produced in Europe. Mostly because production is 
cheaper elsewhere, about 90% of domestic consumption is imported, mainly from 
China (69%).6 
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Traces of gallium can be found in the minerals diaspore, sphalerite, germanite and 
bauxite. Since no exploitable mines exist, gallium is always produced as a minor 
element from the primary production of other materials. Bayer liquor, the highly 
alkaline aluminosilicate solution that originates from the production of alumina 
from bauxite by the Bayer process, constitutes the largest source of gallium.29 
Other sources include process streams of zinc processing, flue dusts and some 
“primary ores”, containing up to 200 ppm of gallium.30-33  
 
Semiconductor compounds for integrated circuits currently constitute about 70% 
of overall gallium use.34 Gallium arsenide and gallium nitride are used in high-
power and high-frequency electronics (such as communication devices, amplifiers, 
digital switches and microwave applications), thanks to their high electron 
mobility, breakdown voltages and saturation velocity.35 Gallium-based 
semiconductors also find increasing application in optoelectronics (like LEDs, 
used in lighting and displays), lasers and solar cells.29 They are highly efficient in 
either converting electricity to light or vice versa, thanks to their fast electron transfer 
and tunable bandgap.36  
 
INDIUM 
 
Indium, with atomic number 41, is a very soft and malleable post-transition metal. 
In terms of its properties, it is largely intermediate between gallium and thallium. 
The largest share of the indium market results from the production of indium tin 
oxide (ITO), which is used to make thin films of conductive coatings for displays, 
such as liquid crystal displays, flat panel displays and touch panels.37 The 
advantages of ITO include being transparent, light, cheap and largely heat-
resistant. The high-tech metal indium is also crucial for the development of a 
sustainable, low-carbon society.38 This is because indium is essential in 
semiconductor compounds, largely as indium gallium nitride, which find 
application in LEDs, photovoltaic solar cells and lasers.39 
 
Demand for indium is expected to grow strongly, at rates over 5% per year.40 Less 
than 10% of the global indium supply is currently produced within the EU.6 
Therefore, it is considered to be a critical metal and a small deficit is expected by 
2020, depending on the accessibility of the Chinese market.40 Indium is mainly 
produced as a minor by-product during zinc smelting and refining. The zinc 
deposits from which it is recovered typically contain 1 to 100 ppm of indium.38 
Less economical sources originate from the processing of copper, lead and tin 
ores.37 Although not yet implemented, recycling of indium from waste electronic 
equipment is an interesting option for secondary production.39 
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1.1.3 EXPLORATION OF SECONDARY RESOURCES 
 
1.1.3.1  Solutions to (critical) metal scarcity 
 
There is an urgency to find sustainable solutions that archaize a primary mining-
based economy. Not only because we have to meet the ever-increasing demand 
for raw materials, but also because ever-more energy-intensive and 
environmentally compromising processes are required to produce raw materials 
from primary deposits. No single solution will allow solving the entire issue, but at 
least a combination of valuable alternatives to primary mining could reduce our 
dependence on it. Exploration of secondary resources is considered crucial to 
enable a self-sufficient and sustainable supply of adequate raw materials, in order 
to avoid natural resource depletion, irreversible damage to the environment and a 
collapse of our economy. To capacitate the installation of the next-generation, 
resource-efficient, low-carbon economy, the following solutions are generally 
proposed to address the scarcity of strategic metals: substitution, recycling from 
End-of-Life (EoL) products and recovery from waste streams. 
 
SUBSTITUTION 
 
Sometimes, a metal can be substituted by another one that may have a lower supply 
risk or a lower environmental impact over the entire lifecycle. This way, 
substitution can help to mitigate supply pressure. Substitution is part of the 
standard materials innovation process to improve product performance, reduce 
cost and address recycling concerns.9 General strategies include reduction of the 
amount of metal (while keeping the functionality) and replacement of a certain 
metal (for an alternative metal), a component (by an alternative system in the same 
product), or an actual technology (by a novel product or service).  
 
One should not underestimate the difficulty of substituting one metal for another. 
Especially technological metals are often used for their very specific (sometimes 
unique) properties. In Figure 5, the substitution performance for most metals in the 
Periodic Table is given “by evaluating the degree to which material substitution in 
a metal’s major uses is likely to be relatively successful”.41 It is clear that for some, 
like the REEs, there is little hope to find a proper substitute with an even adequate 
performance. Smartphones are a good example of an application in which the 
employed metals are quasi-irreplaceable. Other research challenges include the 
replacement of the critical metals in thin films, permanent magnets and batteries 
for photovoltaics, wind turbines and electric vehicles.42 
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Figure 5: The Periodic Table of substitute performance (adapted from Graedel et al., 2013).41 
Substitutability is scaled from 0 to 100 (indicated below element), with 0 indicating that no 
substitute with even adequate performance exists for any of the major uses and 100 indicating 
that exemplary substitutes exist for all major uses. Unfilled boxes indicate that no data or 
estimates are available, or that the element was not addressed as part of this study. 
Moreover, substitution deals only temporarily with the scarcity of particular metals. 
It is not a solution to the generally increasing demand for minerals and other 
exhaustible resources as ultimately the reserves of the substitutes will themselves 
become depleted.43 By substitution, diversity is built in products and metal scarcity 
can be partially depressurized. Nevertheless, substitution in itself cannot solve the 
issue of metal scarcity and other alternatives must be considered as well. 
 
RECYCLING FROM EOL PRODUCTS 
 
Recycling of valuable resources from EoL products is generally referred to as 
“urban mining”. Development of highly efficient recycling routes is a necessity 
for evolving towards a resource-efficient economy. Recycling is only functional if 
the physical and chemical properties that made the material desirable in the first 
place are retained for subsequent use.44 Whereas functional recycling is done on a 
large scale for the base metals (iron, copper, aluminum, zinc, etc.) and for the 
precious metals (gold, silver, PGMs, etc.), the recycling rates of specialty metals (like 
the REEs) are still very low, either because it is not economic or no suitable 
technology exists.45 This is visualized in Figure 6, in which the EoL global recycling 
rates are presented for 60 metals of the Periodic Table.2 
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Figure 6: End-of-Life global recycling rates for 60 metals in metallic applications (adapted from 
a UNEP report, 2011).2 Unfilled boxes indicate that no data or estimates are available, or that 
the element was not addressed as part of this study. 
Notice in Figure 6 the group of REEs, with recycling rates lower than 1%. This is 
mainly due to inefficient collection, technological problems and lack of incentives, 
in part a result of recycling-unfriendly product designs.45 The targeted metals are 
often minor fractions in complex product compositions and considerable efforts 
are required to dismantle and separate products into distinct components and 
materials. Often, hazardous or other unwanted substances must be removed and 
then either stored or treated safely while recovering valuable materials with a high 
efficiency.15 In the recycling of lamp phosphor powders for instance, 
contamination by mercury and small glass particles from crushed fluorescent lamps 
is a limiting factor.46 Circuit boards present in electronic equipment can contain 
lead in solder and flame retardants in resins.47 
 
Nevertheless, according to the ERECON report, released in 2015, commercially 
viable recycling efforts are likely to concentrate in the short to medium term on 
the recovery of REEs from products with high concentrations of valuable REEs 
and considerable economies of scale.48 The significant rise in industrial-scale 
applications of REEs and other critical metals thus promotes the potential of urban 
mining. The three main applications for rare earths are:45 
 
1) Permanent magnets in electric vehicles, wind turbines and hard disk drives 
2) Phosphors in lighting and display panels 
3) Rechargeable batteries in consumer electronics  
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Compared to natural ore deposits, these devices have a relatively high content of 
the five most critical REEs: neodymium, dysprosium, europium, yttrium, and 
terbium, which makes them attractive targets.49 The hydrometallurgical approaches 
for magnets, phosphors and batteries are similar. Important to mention here is that 
these processes are free from radioactive impurities, since these are not present in 
the products to be recycled. This stands in contrast with natural deposits, which 
often contain radioactive elements, like thorium and, to a lesser extent, uranium.50 
Also, it is to be expected that most recycling processes will have a high net-benefit 
in terms of air emissions, groundwater protection, acidification, and climate 
protection. According to Hagelüken et al., with state-of-the-art recycling processes 
for valuable metals, large savings can be achieved regarding energy consumption 
and CO2 emission, compared to primary production from low-quality ores.51 
 
Moreover, in the specific case of the rare-earth market, urban mining can also help 
to solve the so-called balance problem, a concept introduced by P. Falconnet in 
1985.52 The balance problem results from an unequal supply and demand of the 
individual REEs. This became an issue when various applications shifted from the 
use of mixed REEs to pure REEs.53 Demand for the latter does not correspond 
with their occurrence in primary ores, so that large surpluses of the more abundant 
elements, like cerium, originate when producing small amounts of others, like 
europium. Generally, elements with an even atomic number are more abundant 
than elements with an odd atomic number, which can be correlated to the stability 
of the nuclear shell structure. A trend can also be observed of elements becoming 
less abundant with increasing atomic number. Besides the importance of searching 
for new applications that use the stockpiled elements, rare-earth recycling offers a 
significant benefit in that desirable elements can be reused in other products 
without the need of mining them from primary ores, thus overproducing other 
elements.45 
 
For the EU, as one of the world’s largest consumers of critical metal containing 
goods, recycling from EoL products could offer a valuable and secure secondary 
resource. Nevertheless, it is important to realize that, again, recycling in itself will 
never meet the primary demand in a growing market. The faster demand grows 
and the longer the lifetimes of products become, the smaller the potential 
contribution of recycling to primary supply.48 To fully close the material’s loop, 
waste losses at each level of the product lifecycle must be minimized by also 
targeting the recovery of metals from waste streams as an alternative route to 
primary production.  
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RECOVERY FROM WASTE STREAMS 
 
The manufacturing of consumer goods involves an extensive and complex cascade 
of a wide variety of industrial processes. Over the course of any industrial process, 
waste streams are generated. “Waste stream” is a general term that describes “the 
total flow of waste from homes, businesses, industrial facilities, and institutions 
that are recycled, burned or isolated from the environment in landfills or other 
types of storage, or dissipated into the environment”.54 Waste streams often 
contain valuable metals such as REEs, gallium, indium, PGMs, silver and gold.55 
Recovery of metals from these waste streams, also called “technospheric 
mining”, allows reducing our reliance on primary resources. Possibly, production 
of valuable metals from low-grade waste streams could also partially compensate 
for disposal or treatment costs. 
 
In Figure 7, an overview of the different sources of metal-containing waste streams 
is presented:56 
 
1) Direct (pre-consumer) recycling of metal scrap generated during the 
production of metal based (intermediate) products 
2) (Post-consumer) recycling and/or urban mining of, respectively, flows and 
stocks of complex, multi-material, metal-containing products 
3) Landfill mining of historic urban solid waste 
4) Metal recovery from flows of industrial process residues from primary and 
secondary metal production 
5) Metal recovery from stocks of landfilled mining waste and industrial process 
residues 
 
Note that pre- and post-consumer recycling flows of manufacturing scrap and EoL 
products, respectively, are also considered as “waste streams”. In analogy with 
urban mining, i.e. direct recycling of EoL products, the term “landfill mining” is 
used to describe metal recovery from historical dumps. These landfills can 
originate both from stocks of urban solid waste and stocks of industrial process 
residues. The latter may also be directly exploited for recovering metals. Flows of 
metal-containing waste streams include mining, metallurgical, and other industrial 
residues from distinct processes in the form of fines, sludges and scrap. 
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Figure 7: Schematic overview of technospheric mining possibilities (reproduced from a review article 
by Jones and Binnemans).56 
 
1.1.3.2  Valuable metal-containing waste streams 
 
Since critical metals are present in several waste streams, recovery from these 
secondary resources is targeted. Although recycling of (intermediate) products, 
including manufacturing scrap, also generates “waste streams”, the metals in these 
waste streams are incorporated in (often complex) products and thus require very 
specific recycling technologies, which are not within the scope of this research. 
Here, industrial process residues, both flows and (landfilled) stocks from primary 
and secondary metal production and treatment, are discussed particularly. These 
waste streams include inorganic sludges, mine tailings, metallurgical slags, (fly) 
ashes, shredder waste, and so forth. Industrial residues all share a common caveat: 
they are available in very large volumes (usually in the ton range) but contain low 
concentrations of valuables (usually in the ppm range).57 In the end, this implies 
that dilute waste streams could provide significant amounts of critical metals, but 
the challenge lies in developing selective physicochemical technologies that are able 
to separate and recover the minor valuable elements from the major matrix 
components. 
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Besides, it is important to note that critical metal recovery addresses the problem 
of metal scarcity, but from an environmental point of view, the disposal problem 
of the residual waste matrix remains. The production of valuable metals from waste 
streams might compensate for disposal and processing costs, but it cannot make 
large waste volumes disappear. A true zero-waste, resource-efficient approach 
therefore implies that the matrix of industrial residues is also valorized in building 
or engineered materials. Only then the material loop is fully closed, with minimal 
waste losses. 
 
Considering the features of waste water – its abundant availability without 
additional production costs, while containing considerable amounts of valuables – 
one could argue that the term “waste water” undervalues its potential. From a more 
ecological point of view, waste streams, both freshly produced flows and 
historically landfilled stocks, may rather be considered as the “mines of the future”. 
Below, interesting examples of metal-containing waste streams are discussed. 
 
BAUXITE RESIDUE 
 
Bauxite residue, also called red mud, results from the extraction of alumina from 
bauxite by the Bayer process. The global production of red mud is estimated at 
about 140 million tonnes per year.58 The long-term storage of these immense 
volumes is a major issue, not only because disposal sites occupy vast areas of land 
(otherwise useful for agriculture), but also because red mud can lead to serious 
pollution of the surrounding soil, air and ground water, mainly due to its highly 
alkaline nature.23 Up to now, there is no large-scale industrial application for red 
mud, besides minor use in cement and ceramic production.59,60 Nevertheless, it 
contains significant amounts of valuable metals.57 During the Bayer process, rare 
earths report to the non-leaching bauxite waste fraction and the enrichment factor 
of rare earths in red mud compared to the genuine bauxite ore is about a factor of 
two.22 Of the rare earths present in red mud, scandium represents 95% of the 
economic value.61 
 
PHOSPHOGYPSUM 
 
Phosphogypsum is the main by-product of the production of phosphoric acid and 
is formed by acidic digestion of phosphate rock.62 Phosphogypsum is produced 
worldwide on a 200 million tonnes scale and dumped in large stockpiles without 
any treatment, thus posing a negative environmental impact.63 Moreover, it 
contains radionuclides (uranium and thorium), which is why it is classified as a 
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TENORM (technologically enhanced naturally occurring radioactive material) and 
possible applications are restricted.64 However, next to heavy metals, also REEs 
are present in phosphogypsum. In general, igneous phosphate rock is much richer 
in REEs than sedimentary phosphate rock (1-2 wt%) and contains only very small 
amounts of uranium.57 About 70 to 85% of the REEs originally present in the 
phosphate rock end up in the phosphogypsum and could be recovered by 
hydrometallurgy.65 
 
MINE TAILINGS 
 
Mine tailings comprise the remaining streams after the process of separating the 
valuable fraction from the uneconomic fraction (gangue) of an ore.66 Historical 
processing methods, like beneficiation methods to separate ores from gangue or 
ore-cracking by acids or bases, were not very efficient. Significant losses occurred, 
leading to the cumulative generation of large volumes of solid gangue waste 
dumped in tailing ponds close to the mine or the beneficiation plants and still 
containing significant concentrations of currently critical metals.67 Concentrations 
are so high that today, these tailings can be considered as genuine deposits.57 
Moreover, better extraction efficiencies from old mine tailings would not only give 
an easy access to significant amounts of critical metals, but is also beneficial from 
an environmental point of view as this could be integrated in remediating mine 
sites through landfill mining.68 
 
IRON-RICH SLUDGES 
 
The zinc industry is a large producer of iron-rich sludges. These originate from the 
electrolytic Roast-Leach-Electrowin process to convert concentrated zinc sulfide 
to pure, metallic zinc. The starting product contains many impurities, some of 
which are critical metals, such as indium, gallium and germanium.56 Depending on 
the industrial process used to precipitate iron from the leachate of zinc calcine, 
respectively the jarosite or the goethite process, residues with different 
compositions are produced. These residues are rich in iron (varying from 28 to 
40%), but due to co-precipitation, also contain considerable amounts of critical 
metals.69 For instance, stockpiled goethite contains up to 500 ppm of indium and 
180 ppm of germanium.56 Although these concentrations are typically not found 
in natural ores, virtually no work has been done on the recovery of critical metals 
from this kind of sludges. During further treatment of goethite or jarosite, metal 
recovery could be combined with neutralization methods in the obtention of 
materials that are suitable for the construction industry.  
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METALLURGICAL SLAGS 
 
Metallurgical slags are produced in huge amounts during pyrometallurgical 
processes.70 Due to their high affinity for oxygen, REEs end up in oxidic form in 
the slag produced during recycling of electronic scrap, like magnets and 
batteries.57,71 Similarly, vanadium could be recovered from slag waste generated 
during steel production.72 In contrast with natural ores, metallurgical slags have the 
advantage that the formation of mineral phases during cooling can be influenced 
by use of different slag formers, cooling rates and furnace conditions, also defined 
as “hot stage slag engineering”.73 By enriching a metal in a certain mineralogical 
slag phase that is easy to separate from the matrix of other minerals by 
conventional ore processing methods, the metal could be much more effectively 
extracted from the mineral concentrate than by processing the complete slag.74 
 
ACID MINE DRAINAGE 
 
Acid mine drainage comprises the outflow of acidic water from (old) metal mines 
or coal mines.75 These waste streams are mostly heavily contaminated by metals, 
often including valuable ones, like gallium, indium and rare earths.76 The advantage 
of these aqueous streams is that no additional leaching step is required to bring the 
critical metals in solution for hydrometallurgical treatment. 
 
FLY ASHES 
 
Most of our municipal solid waste is incinerated. During the incineration process, 
a solid bottom ash fraction as well as a flue gas are formed, the latter being captured 
and cooled to form boiler ash, fly ash and air pollution control residues.77 Given 
their origin from municipal waste, the formed residues contain a divergent variety 
of elements, including toxic heavy metals. These can leach out in contact with 
water and pollute the groundwater, which is why isolated and expensive disposal 
of incinerator residues is required.78 With the purpose of reusing them as filler 
material for cement or pavement, the metal content should be reduced, during 
which the recovery of critical metals may be considered. Bottom ashes could be a 
secondary source of chromium, copper, nickel, zinc and lead.56 Although 
concentrations of REEs and PGMs in the incineration residues are generally low, 
fly ashes are an attractive resource of the critical metal antimony, due to its high 
volatility.79,80 Concentrations up to 1100 ppm are available and by presorting 
materials with high antimony contents, like plastics with flame retardants, the 
recovery potential could be even enhanced.81  
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1.2 ADSORPTION ON BIOPOLYMERS 
1.2.1 BIOPOLYMERS AS ADSORBENT MATERIALS 
 
Several hydrometallurgical methods exist to recover metal ions from aqueous 
solutions, including solvent extraction, ion exchange, adsorption, membrane 
filtration, chemical precipitation, coagulation, oxidation-reduction, and reverse 
osmosis. Among these, adsorption may be regarded as the most promising 
technology, because of its low cost, simplicity, and efficiency.55 Given their 
common features in batch and fixed-bed processes, the terms adsorption and ion 
exchange are often used interchangeably, certainly if adsorption occurs through an 
ion-exchange mechanism.82 Both methods allow high separation efficiencies in 
single-stage operations.83 Whereas solvent extraction is the preferred industrial 
technology for metal recovery from concentrated solutions, it is not recommended 
for the uptake of metals from dilute aqueous solutions, especially since it poses the 
risk of contaminating the aqueous effluent with organic compounds.57 In contrast, 
ion exchange is the preferred technology to recover low metal concentrations with 
a high separation efficiency.57 In Table 1, the (dis)advantages of solvent extraction 
and ion exchange for the recovery and separation of metal ions from aqueous 
solutions are compared. 
 
Table 1: Comparison of solvent extraction and ion exchange for the recovery and separation of 
metal ions from aqueous solutions; advantages and disadvantages are presented 
Solvent extraction (SX) Ion exchange (IX) 
 + fast separation —   time consuming 
 + continuous process —   non-continuous operation 
 + largely applied in industry 
 + possible at relatively low cost 
—   not conventional in industry 
—   rather expensive 
— especially suited for 
 concentrated solutions 
 +    especially suited for dilute 
 solutions 
— low yield  + high yield 
—   low selectivity/ purity  +    high separation ability/ purity 
—   large footprint  +   small footprint 
—   risk of effluent contamination
 with organic molecules 
 +   no organic solvents or 
 compounds involved 
—   energy-consuming  +   less energy-consuming 
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A wide variety of ion-exchange and chelating resins are commercially available, 
such as Duolite®, Dowex®, and Amberlite®.84,85 These resins are able to sequester 
metal ions from aqueous solutions, but are not preferred for use on an industrial 
scale. They suffer from low loading capacities, often show high swelling behavior 
and they are very expensive.86 Therefore, the search for low-cost adsorbents is a 
very active research field.87-90 Examples of inorganic adsorbents include silica,91,92 
alumina,93 zeolites94 and iron(III) hydroxide.95 Examples of organic adsorbents are 
active carbon,96,97 saw dust,98,99 peat moss,100 and biomass waste.101-103 
 
Biopolymers, such as chitosan and alginate, are produced from renewable 
resources such as agriculture or marine feedstock, and considered to be the most 
effective systems for adsorption of metal ions.104-106 The interest for using 
biopolymers is on the rise because of several advantages inherent to these 
materials. First of all, since biopolymers are derived from natural sources, they are 
biologically renewable and thus characterized by a virtually unlimited and cheap 
supply.107 Their biological nature also makes them biodegradable and non-toxic.108 
Further, an important asset of biopolymers is the intrinsic presence of different 
functional groups in the polymers’ backbone, providing them with a high 
adsorption capacity and selectivity for metal ions.104,109,110 Moreover, the abundant 
availability of functional groups allows easy modification of the material structure, 
to adjust its physical and chemical characteristics.106,111,112 
 
Chitosan is a derivative of chitin, the world’s second most abundant naturally 
occurring polysaccharide, after cellulose.14 Chitin can be found in the exoskeleton 
of a wide range of organisms such as crustaceans (crabs, lobsters, shrimps, etc.), 
fungi, insects, mollusks and in the cell wall of fungi.113 It is industrially derived at 
low cost from seafood waste by removing other constituents of the shell, mainly 
calcium carbonate and proteins.114 So in terms of sustainable development, 
effective utilization of these solid waste materials for treatment of other waste 
streams demonstrates promising opportunities for a resource-efficient business 
model. Because of its physical and chemical versatility, a wide range of value-added 
applications of chitosan are being exploited. In addition to metal adsorption, the 
use chitosan is investigated in several areas of research, including biotechnology 
and pharmaceutics, photography, pulp and paper, textiles, cosmetics, agriculture, 
and food and nutrition.115-117  
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Chitin is composed of β-(1→4) bonded N-acetyl-D-glucosamine moieties. By 
deacetylation, acetyl groups are converted to amine groups and chitosan is 
obtained (Scheme 1).14 This is carried out on an industrial scale, usually by making 
use of hot (typically 100–120°C) sodium hydroxide (40-50%).118 The degree of 
deacetylation, defined as the proportion of D-glucosamine monomer moieties in 
the material, has a striking effect on the quality and properties of the product, 
including crystallinity, biodegradability, reactivity, and solubility. When chitin is 
deacetylated to the point at which it becomes soluble in dilute acetic acid (~60% 
deacetylation, thus having a nitrogen content higher than 7%), it is referred to as 
chitosan.118 Manufacturing factors like process time, reagent concentrations and 
temperature determine the deacetylation degree.119 Note that in a 100% 
deacetylated backbone, the amine group on the C2-position comprises the only 
difference with cellulose, where a hydroxyl group is found instead. 
 
 
Scheme 1: Production of chitosan by deacetylation of chitin. 
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Alginate is a naturally occurring, anionic polysaccharide that consists of (1-4)-
linked moieties of β-D-mannuronate (M) and its C5 epimer, α-L-guluronate (G). It 
consists of homopolymeric blocks of M (M blocks) or G (G-blocks), intermittant 
with MG alternating sequences (MG-blocks).120 Its structure is depicted in Scheme 
2. Alginate is distributed widely in the cell walls of brown seaweeds, where it is 
partially responsible for its flexible structure.121 It is also a significant component 
of the biofilms produced by the bacterium Pseudomonas aeruginosa, but for the 
commercial production of alginate, only algae sources are used.120 The exact 
chemical structure is variable, depending on the source. By controlling the 
monosaccharide sequence and the nature, location and quantity of substituents, it 
is possible to tune the alginate’s properties, like solubility, hydrophobicity and gel 
(mechanical) strength.120 
 
 
(M)    (G) 
Scheme 2: Chemical structure of an alginate polymer: (M) = β-D-mannuronate, (G) = α-L-
guluronate. 
Besides its use as a sorbent material for metal recovery, alginate is industrially 
applied in several areas. Applications of alginate are based on its three main 
abilities:121 
 
1) Increasing the viscosity of aqueous solutions 
2) Forming gels by chemical reaction with multivalent metal ions 
3) Forming films and fibers 
 
As such, alginate derivatives are applied in biomedical and pharmaceutical 
applications (e.g. for wound dressing),122 in the food industry as a food additive and 
for packaging,123,124 as textile fibers,121 in the paper industry as paper coating,124 in 
paints and dyes as stabilizer,121 as fertilizer,125  and so forth. 
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The advantages of biopolymers have convinced many researchers to work with 
them. Besides their broad and easy acquisition from natural sources, biopolymers 
have a high hydrophilicity, given the presence of many hydroxyl groups, which is 
in contrast with commercial resins, commonly based on “inert” polystyrene. The 
flexible structure of the polymer chains makes biopolymers highly appropriate for 
the complexation of metal ions and thanks to the large number of chemically active 
functional groups, modification of the structure is easy and the final material 
properties highly tunable.126,127 
 
The detailed adsorption mechanism has not been fully elucidated, but several 
studies indicated that biopolymers have a natural selectivity for the heavy metal 
ions.87,106,107,128-130 Research is therefore mostly done in the framework of waste 
water treatment, to remove these pollutants.88,89,115,131 However, adsorption by 
biopolymers probably holds even greater potential when targeted for the recovery 
of valuable metals from secondary resources, although this is only investigated to 
a small extent.55,109,132 By immobilizing selective ligands on the biopolymer matrix 
and exploiting the ion-exchange principle, functionalized biopolymers may be 
useful not only to to sequester particular metal ions from an aqueous solution, but 
as well to mutually separate them from each other. Hence, biopolymers are 
considered of great value for metal recovery, both for use in batch mode and as a 
chromatographic (fixed-bed) stationary phase material. 
 
After loading metal ions on an adsorbent material, they can easily be recovered by 
desorption with an appropriate elution solution. In case highly selective ligands 
are immobilized on the stationary adsorbent phase, these eluting reagents can be 
simple mineral acids, like hydrochloric or sulfuric acid.132 Moreover, thanks to the 
reversible character of the adsorption process, biopolymers can be reused over and 
over again – yet another benefit, not only with respect to the environment, but also 
in terms of cost reduction.14  
 
Overall, the high abundance and cheap production of biopolymers make them 
interesting alternatives for the treatment of large volumes of waste water, both for 
purification purposes and to recover valuables. However, there is a challenge to 
provide these materials with the required physicochemical properties. This 
neccesitates modifications to the material’s structure, which must be achieved by 
plain methods, in order not to invalidate the simplicity of the adsorption 
technology.  
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1.2.2 ORGANIC-INORGANIC HYBRIDIZATION 
 
Biopolymers are excellent sorbent materials, but they usually suffer from poor 
mechanical properties and chemical resistance.133 In recent years, various efforts 
have therefore been made to combine biopolymers with other materials including 
alumina,134 polyacrylamide,135 polyvinyl alcohol,136 cyclodextrins,137 magnetic 
nanoparticles,138 ionic liquids,139 and silica.92,128,140-144 By crosslinking, the 
advantages of multiple materials are combined in one superior material, thus 
considerably improving its properties for the final application. In the framework 
of metal recovery, the most straightforward approach comprises the combination 
of an organic biopolymer with an inorganic support. The symbiosis of organic and 
inorganic components can lead to materials whose properties differ considerably 
from those of the isolated components.145 
 
In order to obtain a proper resin material for column chromatography, it is 
imperative to address the non-porosity, strong swelling behavior and elastic 
character of biopolymers.14 Column clogging is a typical consequence of these 
adverse qualities when using biopolymer powders as the (closely packed) stationary 
phase in a chromatography column. To ensure a smooth eluent flow, a robust and 
porous material is required, which does not swell upon metal loading, neither is 
compressed by pressure pulses of the column pump. Incorporation of a silica 
source has been shown to meet these requirements.146 Although silica has a low 
loading capacity, it is also characterized by an excellent mechanical and chemical 
resistance.144 Due to the large surface area and regular porous framework of silica, 
easy and fast access to the functional groups present in the material’s structure is 
ensured.115,147 The combined organic-inorganic materials thus show preferable 
properties for use as supporting materials in chromatography columns with the 
aim of recovering and separating metal ions.142  
 
Several methodologies can be followed to synthesize organic-inorganic hybrid 
sorbent materials. These include blending processes, sol-gel methods, emulsion- 
and photopolymerization, metallosupramolecular and coordination approaches, 
intercalation, microwave-assisted and electrochemical synthesis, and synthetic 
strategies based on surface grafting.148 The simplest materials have a biopolymer 
coating on the surface of silica particles. These tend to be referred to as composite 
materials and can be obtained by immersing silica particles (powder or beads) in 
a hydrogel solution.146 A typically thin coating layer is usually formed by 
electrostatic interactions, hydrogen bonds or Van der Waals forces, possibly 
resulting in a low adsorption capacity and a poor long-term stability.149 
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Truly hybrid materials are preferably prepared by a sol-gel process, based on 
the polymerization of a silicon alkoxide precursor, in the presence of the 
biopolymer. Silica gels are synthesized by hydrolysis of monomeric, tetrafunctional 
alkoxide precursors, usually tetraethyl orthosilicate (TEOS) or tetramethyl 
orthosilicate (TMOS).150 In these hydrolysis reactions, alkoxide groups are replaced 
by hydroxyl groups:  
 
  (Eq. 1) 
 
Often a mineral acid, like hydrochloric acid, or a base, like ammonia, is employed 
as a catalyst. Since water and alkoxysilanes are not miscible, a mutual solvent, like 
an alcohol, is generally added as a homogenizing agent. However, the gel could 
also be prepared without added solvent, because the amount of alcohol produced 
as a by-product of the hydrolysis reaction is basically sufficient to homogenize the 
initially phase-separated system.150 Note that excess alcohol will reverse the 
equilibrium in Equation 1 again to the left, thus participating in esterification 
reactions. 
 
In the subsequent (alcohol and water) condensation reactions, the silanol entities 
formed by Equation 1 react to produce siloxane crosslinks according to Equation 2 
and 3: 
 
 (Eq. 2) 
 
  
 
(Eq. 3) 
 
Diverse studies have shown that the final structure and properties of the formed 
silica gel are highly sensitive to variations in reaction conditions. Experimental 
parameters include the composition of the reaction medium (ratio water, 
alkoxysilane, solvent), catalyst type and concentration, temperature, pressure, 
stirring speed and ageing time.150 Ageing comprises the last phase of condensation, 
leading to syneresis (expulsion of the liquid from the gel), network reorganization, 
densification, and an increased mechanical constraint.151 General trends are 
apparent. For instance, acid-catalyzed hydrolysis with low H2O:Si ratios produces 
weakly branched polymeric sols, whereas base-catalyzed hydrolysis with high 
H2O:Si ratios produces highly condensed particulate sols.150  
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The sol-gel process consists of a hydrolysis-condensation mechanism. During the 
condensation reactions, interactions may occur between the functional groups on 
the biopolymer and the hydrolyzed silanol entities. In addition to the formation of 
siloxane bonds by reaction of silanol moieties, reactions between the biopolymer 
chains and the silanol entities result in the formation of covalent bonds, or 
crosslinks, between the biopolymer matrix and the in-situ formed silica network. 
Since the organic and the inorganic polymer networks are homogeneously 
entangled to a high extent, the term “interpenetrating network (IPN) 
materials” is used to describe this kind of hybrid materials.152 As a relevant 
example, the synthesis of chitosan-silica hybrid material from chitosan and TEOS 
is shown in Scheme 3.140 
 
 
Scheme 3: Sol-gel hybridization reaction of chitosan and the silica precursor TEOS, in the 
formation of hybrid chitosan-silica particles.144 
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In addition, the rich surface chemistry of silica enables the design of materials 
bearing a wide range of tailor-made functionalities.153 By employing modified 
organosilanes, the enormous functional variation in organic chemistry becomes 
available for incorporation in the hybrid biopolymer-silica structure. These 
processes are carried out primarily by reaction of organosilanes of the type 
(R’O)3-Si-R, where R’O is the hydrolyzing alkoxy group and R contains the 
functional group of interest. The two main pathways available to incorporate 
organosilica in the hybrid structure are: 
 
1) Postsynthetic functionalization (also called “grafting”): This 
modification method is particularly advantageous if the structure of the 
starting material must be retained. On the other hand, lining of the material’s 
surface is accompanied by a reduction in porosity of the hybrid material, 
although this depends on the size of the organic residue and the density of 
the lining.145 
 
2) Co-condensation (direct one-pot synthesis): Functionalized silica phases 
can be prepared during hybridization of the biopolymer, by co-
condensation of tetra-alkoxysilanes (RO)4-Si, like TMOS, with 
functionalized trialkoxyorganosilanes of the type (R’O)3-Si-R. Since the 
organic functionalities are direct components of the silica matrix, pore 
blocking is not a problem in the co-condensation method and the organic 
units are generally more homogeneously distributed than in materials 
synthesized with the grafting process.145  
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1.2.3 FUNCTIONALIZATION 
 
Development of high-performance sorbent materials with tunable characteristics 
is of high interest in diverse fields of application. Besides hybridization of a 
biopolymer with silica, multiple other modifications are known to improve its 
physical and chemical properties. Thanks to the presence of functional groups in 
the biopolymer matrix, they are easily covalently modified, yielding derivatives with 
new or improved chemical behavior, without changing the fundamental skeleton 
and original physicochemical or biochemical properties.132 Often, biopolymers are 
crosslinked to improve stability and chemical resistance. Crosslinking can be 
achieved by chemical methods (using crosslinking agents) or physical methods (by 
radiation or ultraviolet light).106 Because of the abundant availability of amine 
groups, chitosan often undergoes reactions typical of amines. N-acylation and 
Schiff base (imine) formation for N-alkylation are the principal reactions for 
functionalization.117 For biomedical applications for instance, the amine groups 
have been used to attach sugars, dendrimers, cyclodextrins and crown ethers.154 
 
In the framework of metal recovery, considerable research has been dedicated to 
the development of specialized, highly selective adsorbent materials. It was 
discussed before that native chitosan has an intrinsic affinity for metal ions, 
especially for the heavy metals.106,130 This affinity arises from the presence of amine 
groups with a lone electron pair on the chitosan backbone. With alginate-silica 
beads, high adsorption capacities were observed for REEs due to the intrinsic 
presence of negatively charged carboxylate groups on the alginate chains.155 
However, the key to separation technology is that the selectivity of a particular 
(biopolymer) system can be tuned very easily, depending on the metal of interest. 
Therefore, straightforward functionalization procedures are investigated.  
 
Incorporation of organic ligands is a common way to enhance adsorption 
properties. By selecting agents with a high affinity for specifically targeted metals, 
the selectivity for these metals can be significantly improved by increasing the 
biopolymer’s complexation properties.156 Examples of molecules used for surface 
functionalization include thiourea, thiocarbamoyl, L-lysine and glycine-
ethylenediamine.157 Also crownethers and cyclodextrins have been immobilized on 
biopolymers, since their particular molecular structure can interact with 
appropriately sized guest molecules, resulting in the formation of host-guest 
inclusion complexes. This can be exploited to achieve high selectivity for 
specifically sized metal ions.106  
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The affinity of different metal ions for a functionalized biopolymer is correlated 
with the corresponding stability constants of complex formation between the 
respective metal ion and the free organic ligand, for which literature data is often 
available. In Table 2, a brief overview is given of stability constants between typical 
chelating agents and relevant metal ions. The selectivity for one metal ion to 
another may be predicted by comparing the stability constants for the respective 
metal ions. The higher the difference in stability constants, the higher the selectivity 
for the metal ion characterized by the highest stability of complex formation. 
 
Table 2: Stability constant values of metal-ligand complex formation (log K values) for selected 
metal ions and chelating agents158,159 
 8-HQOi acaci EDAi NTAii EDTAii DTPAii 
Mg(II) 4.50 3.34 0.37 5.46 8.69 9.30 
Ca(II) n.a. 2.32 n.a. 6.41 10.96 10.74 
Zn(II) 7.95 4.70 5.77 10.66 16.50 18.75 
Al(III) 9.69 8.20 6.20 9.50 16.13 18.40 
Fe(II) 8.00 5.07 4.34 8.84 14.33 16.55 
Fe(III) 11.60 9.25 n.a. 15.87 25.10 28.60 
La(III) 5.63 4.96 4.88 10.36 15.50 19.48 
Nd(III) 6.30 5.30 n.a. 11.26 16.61 21.60 
Eu(III) n.a. 5.87 n.a. 11.52 17.35 22.39 
Dy(III) n.a. 6.03 n.a. 11.74 18.30 22.82 
Ga(III) 11.97 9.50 12.72 13.60 20.27 23.00 
In(III) 12.00 7.80 n.a. 16.90 24.95 29.00 
 
i = reference [158]; ii = reference [159]; n.a. = not available in the literature 
 
From Table 2, the chelating agents ethylenediaminetetraacetic acid (EDTA) and 
diethylenetriaminepentaacetic acid (DTPA) attract most attention, because of their 
high stability constants with metal ions. The high stability of chelates with 
aminopolycarboxylic acids can be attributed to the multidentate binding of these 
chelating agents to the metal center. Both carboxylic acid and amine groups 
participate in chelation, thus also explaining the increasing trend from NTA, over 
EDTA to DTPA. Hence, various materials, from biomass to inorganic 
compounds, have been functionalized with EDTA and DTPA.160 Besides the 
strong metal-chelating ability, the popularity of EDTA and DTPA arises from their 
local availability and low price.161 Environmental problems related to these agents 
are avoided by immobilizing them on a solid support.  
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The presence of carboxylic acid functions in EDTA/DTPA allows easy 
immobilization onto a biopolymer backbone. For example, by reaction with the 
amine groups of chitosan, EDTA/DTPA-immobilized chitosan-silica materials 
can be synthesized, as depicted in Scheme 4. Particularly for EDTA/DTPA, the 
functionalization approach consists of converting EDTA/DTPA to the 
corresponding bisanhydride. Then, an amide bond is formed by reaction between 
the amine group on chitosan and an anhydride function in EDTABA or DTPABA. 
 
 
Scheme 4: Functionalization of chitosan-silica with DTPA by making use of the corresponding 
bisanhydride. 
In analogous ways, the functional groups present in the molecular structure of 
chitosan and alginate can be exploited in chemical reactions to immobilize 
numerous chelating agents, depending on the targeted metal (or group of metals) 
to be recovered. Note here that in an organic-inorganic hybrid material, the 
hydroxyl groups on silica could be employed as well to graft chelating groups. In 
the previous paragraph, it was discussed that, next to grafting, incorporation of 
functionalities in the hybrid matrix is possible too by co-condensation with 
functionalized organosilanes, such as (trimethoxysilylpropyl) ethylenediamine-
triacetic acid (TMS-EDTA). By this approach, the silica component can contribute 
to the selective uptake of metals as well, instead of simply having the function of 
a solid support   
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1.2.4 SHAPING INTO SPHERICAL STRUCTURES 
 
Apart from the chemical structure, the performance of a material strongly depends 
on its morphology. The physical state (powder, gel, flake, fiber, film, 
nanoparticle,…) is related to properties like the surface area, porosity, particle size 
and solubility.106 Nanoparticles, for instance, attract a lot of attention because of 
their vast specific surface area.149 Different forms may be obtained by adjusting the 
method of regenerating the biopolymer from solution or evaporating the solvent. 
For instance, freeze–drying can be used to prepare porous three-dimensional 
sponges, controlled by freezing temperature and rate.162  
 
The powder or flake form of a biopolymer might improve sorption kinetics and 
decrease resistance to intra-particle mass transfer in a batch system at lab scale. 
However, for a fixed-bed column set-up in large-scale industrial applications, these 
forms are not recommended because of their low surface area and non-porosity. 
Consequently, very small particle sizes may lead to serious clogging effects, 
pressure drop and hydrodynamic limitations.104 A uniform flow pattern can be 
ensured by shaping sorbent materials into porous spheres with a uniform size 
distribution.163 Gel beads are formed from the corresponding hydrogel. By 
solidification of the expanded biopolymer network, diffusion mechanisms and 
access to internal sorption sites may be enhanced in gel beads.164 In this regard, 
rational synthesis and design can significantly improve the adsorption performance 
of biopolymers. Moreover, spheres have advantages for practical use, in terms of 
applicability to a wide variety of industrial process configurations. They facilitate 
the ease of transport, storage and handling in comparison with powders.163 Also 
safety issues related to dust formation by powders are avoided when using 
agglomerated particles.  
 
Conditioning of gel beads has been mainly developed on chitosan- and alginate-
based materials.165 Typically, the procedure consists of dissolving the biopolymer 
in an appropriate solvent, i.e. an acidic solution for chitosan or water for alginate. 
By means of a wide variety of methodologies, the viscous solution can be 
converted to droplets, which are then collected in a coagulation bath to chemically 
fixate the spherical structure. The coagulation solution may consist of: 1) a 
neutralization step, using a concentrated alkaline solution (like ammonia) for 
chitosan, or 2) ionotropic gelation, using solutions of multivalent metal salts 
(typically calcium chloride) for sodium alginate, or a polyphosphate for chitosan.165 
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An entangled hydrogel can be prepared from chitosan by dropwise addition of an 
acidic chitosan solution to an alkaline co-precipitation solution. Owing to the pH 
inversion during this neutralization step, deprotonation of the soluble 
ammonium (─NH3+) groups on the chitosan chains yields neutral, insoluble amino 
(─NH2) groups. These induce spontaneous entanglement of the polymeric chains 
to form interpenetrating hydrocolloid networks by fast coagulation and phase 
separation.166  
 
Ionotropic gelation is the formation of a hydrogel by chelation with multivalent 
metal cations, usually calcium. Gel formation in alginate is driven by the 
interactions between G-blocks, which associate upon the formation of tightly held 
junctions with calcium. This is known as the “Egg-box model” (Figure 8).120 MG 
blocks can also participate, but these form weak junctions.167 Due to the higher 
affinity of G-blocks for binding metal ions, calcium alginate samples characterized 
by a higher G:M ratio thus produce much stronger gels by ionic gelation. 
 
 
Figure 8: Gelation of homopolymeric G-blocks in junction with calcium ions: the “Egg-box” 
model (reproduced from an open-access course in Bioresource Utilization Sciences).162 
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Different technologies exist for the formation of spherical particles, such as liquid 
extrusion,163 spray drying,168 fluid-bed coating,169 coacervation,170 
spheronization,171 and annular jet.172 The methods can be categorized as chemical, 
physicochemical or mechanical processes.173 The most basic, mechanical method 
is gravitational dripping, based on the principle of generating droplets from a 
(biopolymer) feed solution that is extruded through a nozzle, by applying only 
gravitational force. In practice, the flow is accelerated by pressurizing the polymer 
feed. There is a minimum flow rate for the transition of “dripping” to “flowing”, 
the latter meaning that a constant flow of liquid is extruded from the nozzle. Both 
the critical flow rate and the particle size of the formed droplets are a function of 
the viscosity of the feed solution, the surface tension and the nozzle size.157 
 
Of all available techniques, the vibrating-nozzle technology may be considered 
as the most suitable method for the creation of industrial batches of uniform 
particles. Here, vibrating forces are used to expedite the normal dripping process 
at the nozzle. The key to controlled shaping by the vibrating-nozzle droplet 
coagulation technology is to manage the jet break-up of the solution by the 
vibrating nozzle. This is physically controlled by the frequency and amplitude of 
the vibration and the pressure applied to the biopolymer feed solution.174 
Moreover, the nozzle diameter dictates the prior parameters. A schematic figure 
of the experimental set-up is shown in Figure 9. With a stroboscopic light that 
ﬂashes in phase with the nozzle vibration, the breakup of the jet can be visualized. 
 
 
Figure 9: Schematic presentation of the experimental vibrating-nozzle set-up. (1) = feed vessel; 
(2) = pressure pump; (3) = vibrating nozzle; (4) = stroboscopic light; (5) = coagulation bath; 
(6) = pulsation chamber.  
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The vibrating-nozzle technology offers the capability of producing industrial-scale 
quantities of uniform particles, both in terms of shape and particle size, in short 
production times.163 To summarize, utilization of the vibrating-nozzle process 
entails the following advantages:152 
 
• Easy to scale up from lab scale over pilot scale to industrial scale 
• Formation of spheres with a monomodal and narrow size distribution 
• High flexibility and control over the particle shape and size by adjusting 
specific process parameters like the nozzle size or the vibration frequency 
• A small ecological footprint of the setup and limited energy consumption 
 
The physical properties of gel beads include shape, particle size distribution, gel 
strength, porosity (pore volume and pore size), water content, and so forth. It is 
possible to control these properties by careful optimization of several process 
parameters:165 
 
• Composition of the biopolymer feed solution 
o The biopolymer type (chitosan, alginate, …) 
o The biopolymer’s characteristics (molecular weight, proportion of G 
and M acid residues for alginate, deacetylation degree for chitosan, …) 
o Addition of inorganic filler materials (silica, alumina, …) 
 
• Rheology and other properties of the polymer feed 
o Viscosity ~ biopolymer concentration 
o Density 
o Surface tension 
 
• Methodology of droplet formation and related parameters, including 
o Flow rate (~ pressure feed) 
o Nozzle type and diameter 
o Height of droplet collection 
 
• Chemical composition of the coagulation solution 
o Type of metal salt 
o Metal salt concentration 
o Aqueous pH 
o Addition of surfactants  
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1.2.5 BATCH ADSORPTION EXPERIMENTS 
 
Adsorption experiments are performed to explore the performance of (novel) 
adsorbent materials. A batch adsorption experiment comprises the addition of a 
certain amount of adsorbent to an aqueous metal ion solution. This can be a single-
element solution or a mixture of several metal ions. The solution is then stirred or 
shaken for a certain amount of time, usually at room temperature. All physico-
chemical parameters must remain constant during the adsorption experiment. As 
soon as the adsorption process reaches equilibrium conditions, the adsorbent 
particles can be separated from the aqueous solution, usually by filtration or 
centrifugation. It is not straightforward to investigate the retention of solute metal 
ions on the solid adsorbent material. Therefore, it is common practice in 
adsorption studies to analyze the remaining metal ion concentration and compare 
it with the initial metal ion concentration.153 The amount of metal ions adsorbed 
on a certain mass of adsorbent is then determined with the following formula:  
 

 
 (Eq. 4) 
 
In this formula, qe is the equilibrium adsorption amount (mmol·g-1), ci is the initial 
metal ion concentration in aqueous solution (mmol·L-1), ce is the equilibrium metal 
ion concentration in aqueous solution (mmol·L-1), V is the volume of the aqueous 
solution (L) and m is the mass of the adsorbent particles (g).  
 
Modelling of experimental data may be a useful tool to describe the observed 
adsorption phenomena. The pseudo-second-order kinetic expression (Equation 
5) has been widely applied to adsorption of solutes from aqueous solutions:175 
 




 (Eq. 5) 
 
where qt and qe (mmol·g-1) represent the amount of metal ions adsorbed at time t 
and at equilibrium, respectively, and k the pseudo-second-order rate constant. By 
modeling kinetic data with the pseudo-second-order equation, it is possible to 
quantify the rate of adsorption. In addition, chemisorption, i.e. the chemical 
adsorption reaction and not diffusion, is implied to be the rate-limiting step in 
adsorption processes that fit well with the pseudo-second-order kinetic model. 
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By varying the metal ion concentration in the aqueous feed solution, it is possible 
to determine the adsorption capacity of an adsorbent material. A commonly used 
sorption model to fit experimental data is the Langmuir adsorption model 
(Equation 6):153 
 
 
 
 
 (Eq. 6) 
 
with qe the equilibrium adsorption amount (mmol·g-1) and qmax the maximum 
adsorption capacity (mmol·g-1), ce the equilibrium concentration (mmol·L-1), and 
KL the Langmuir binding strength coefficient (L·mmol-1). The Langmuir 
adsorption model is based on the assumption that a solid surface has a finite 
amount of adsorption sites. The adsorption process occurs at a monolayer that 
covers the surface of the material. It is further assumed that adsorption is a 
dynamical process. At equilibrium, the rate of metal ion adsorption equals the rate 
of metal ion release from the adsorbent surface.  
 
The Langmuir-Freundlich model (Equation 7), also known as the exponential 
Langmuir model, is a modified, more realistic, version of the original Langmuir 
model:176 
 
 
	 


	 


 (Eq. 7) 
 
with qe the equilibrium adsorption amount (mmol·g-1) and qmax the maximum 
adsorption capacity (mmol·g-1), ce the equilibrium concentration (mmol·L-1), KLF 
the Langmuir-Freundlich binding strength coefficient (L·mmol-1) and n a 
dimensionless Langmuir-Freundlich fitting parameter. The Langmuir-Freundlich 
adsorption model is based on the Freundlich equation, which is the earliest known 
relationship describing non-ideal and reversible adsorption, not restricted to the 
formation of a monolayer. The Langmuir-Freundlich model can be applied to 
multilayer adsorption and is based on the assumption of continuously distributed 
adsorption sites and afﬁnity coefficients over the heterogeneous surface.177 A 1/n 
value higher than unity indicates that adsorption is favorable. 
 
Only the models considered during this PhD were discussed in this paragraph. 
More models on sorption phenomena are available in the literature. A detailed 
overview is given in the review paper by Alberti et al.153 
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1.2.6 COLUMN SEPARATION EXPERIMENTS 
 
Separation by ion-exchange chromatography is based on the reversible adsorption 
of charged solute molecules to functional groups of opposite charge, immobilized 
on a solid resin material.178 The stationary phase consists of a closely packed resin 
material with functional groups, which are negatively charged in the case of cation 
exchange or positively charged in the case of anion exchange. The mobile phase 
consists of an aqueous solution, composed of different solute molecules, all 
bearing an opposite charge compared to the resin groups. Applied to metal 
recovery, a column separation experiment commonly consists of the following 
steps (Figure 10): 
 
1) Equilibration stage: pH and ionic strength of the resin material are 
brought to starting conditions, to allow binding of the desired metal ions 
2) Loading stage: the sample is applied on the column and metal ions with 
affinity for the resin bind to it, thus displacing the original counter-ions 
3) Wash stage: unbound metal ions are washed out with starting buffer 
4) Elution stage: bound metal ions are sequentially eluted by initiating an 
eluent flow, usually an increasing gradient of salt or acid concentration 
5) Desorption stage: metal ions that did not elute under the previous elution 
conditions are removed with harsher conditions 
6) Regeneration stage: the column is re-equilibrated to the starting state 
 
 
Figure 10: Separation of a metal mixture by the principle of column chromatography. 
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Separation by column chromatography relies on the principle of selectivity, which 
means that metal ions with a higher affinity for the resin material bind more 
strongly to the stationary phase than ions with a lower affinity for the resin 
material. During sampling, metal ions in the mobile aqueous solution displace the 
counter-ions initially bound to the resin material. In the case of ion-exchange 
chromatography, displacement occurs because of a higher electrostatic attraction. 
In the case of chelating chromatography, this occurs because of the formation of 
a stronger coordinate complex. Differences in affinity for the resin result in 
different rates at which the respective metal ions travel down the column during 
the elution stage: the higher the electrostatic attraction (or the stronger the formed 
coordinate complex), the higher the retention on the stationary material and the 
slower the resulting migration through the column. By collection in distinct 
fractions, a full separation of the metal ions composing the metal mixture can be 
achieved. A chromatogram is then constructed from the distinct fractions by 
plotting the metal concentration as a function of the elution volume.179  
 
Note that in conventional ion-exchange chromatography, the selectivity required 
to achieve a full separation is usually only obtained by addition of metal-
complexing agents to the elution feed. This way, the metal ions loaded on the 
column each form metal chelates with different stabilities. Consequently, the 
different metal ions desorb in accordance with the respective order of chelate 
stability. A considerable consequence of this approach is that the major part of 
these expensive chelating reagents is wasted without reuse, so that this kind of 
purifications result in high processing costs and environmentally harmful waste 
water generation. In chelating ion-exchange chromatography on the other 
hand, highly selective chelating ligands are immobilized on the solid resin support, 
which enables superior separations albeit the loaded metal ions can be simply 
eluted with cheap mineral acids, like hydrochloric acid. Hence, the chelating ion-
exchange resin material can be reused in multiple separation cycles and no waste 
is generated, provided that the acidic elution feed is recycled as well.132  
 
To conclude, development of highly selective, functionalized adsorbent materials 
with the ability to recognize and isolate specifically targeted metals creates the 
opportunity to recover valuable metals from aqueous waste streams and to 
simultaneously separate them at high purity and low cost by the principle of 
column chromatography with chelating ion-exchange adsorbent materials as the 
stationary phase. 
 

  
41 
 
 
 
 
 
 
 
 
 
 
Chapter 2 
 
BJECTIVES  
 

Objectives 
 
43 
The idea of a circular economy and a closed materials loop can be applied to this 
PhD: waste materials from the seafood industry are valorized by reconverting them 
into high-performance adsorbents for the recovery of valuable metals from other 
low-grade waste streams. Valorization of our secondary resources holds an 
important opportunity in securing a stable, self-sufficient supply of critical metals 
in a sustainable way – in turn crucial to enable a green-economy boost. Therefore, 
the persistent aim of this research is to expand upon the current state-of-the-art 
in the field of metal recovery. A large body of research is devoted to the use of 
biopolymers for waste water treatment, because of their ability to sequester heavy 
metals and dyes from contaminated streams. Much less research has been done on 
investigating their ability to recover valuable metals from secondary resources. The 
challenge here is to separate low concentrations of valuables from huge volumes 
of waste water. Adsorption is considered to be the key technology to achieve this. 
 
The novelty of this PhD lies in developing high-performance adsorbents, 
although the followed synthesis procedures must be economic, straightforward 
and easy to scale up at all times. In consideration of the material’s performance, 
both the physical structure and the chemical composition are targeted. 
Biopolymers are shaped into spheres with the aim of optimizing the material’s 
morphology for use in large-scale chromatography columns, by improving not 
only the column flow and the accessibility of functional groups, but also the ease 
of use. The organic materials are hybridized with silica through sol-gel chemistry, 
to create an interpenetrating silica network, which serves as a highly stable, 
inorganic support for the functional biopolymers. Moreover, by co-condensation 
of functionalized organosilanes, the silica matrix no longer merely has a supporting 
function, but additionally adds to the selectivity in the formation of multifunctional 
adsorbent particles. Specifically tuned organic ligands are immobilized on the 
adsorbent matrix in order to obtain high selectivity for particular metal ions. 
 
The main research hypothesis of this PhD is that high-performance adsorbent 
materials could be developed from biopolymers for selective uptake and separation 
of critical metals from dilute aqueous solutions. By a combined approach of 
shaping into spherical structures, hybridization with silica, and functionalization 
with chelating ligands, the developed adsorbent material’s physicochemical 
performance is expected to become superior to native biopolymers. By targeting 
the physical structure, the material’s mechanical properties, porosity, and 
availability of functional groups are improved. By targeting the chemical 
composition, the material’s adsorption capacity, selectivity, chemical resistance, 
and reusability are enhanced.  
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The specific objectives of this PhD research are listed below: 
 
1) To synthesize functionalized chitosan-silica and alginate-silica hybrid 
adsorbent materials. Shaping into spherical structures is studied to optimize 
the material’s morphology for use in chromatography columns. 
Hybridization with silica is carried out by sol-gel chemistry to improve the 
material’s (mechanical) properties. Functionalization is realized by chemical 
immobilization of organic ligands through covalent bonds to the sorbent 
matrix. The choice for a specific agent depends on the metal of interest.  
 
2) To characterize the functionalized hybrid materials by a broad range of 
analytical techniques, including FTIR and Raman spectroscopy, elemental 
analysis, TGA, viscometry, surface area and porosity analysis, optical 
microscopy, SEM, TXRF, ICP-OES and UV-VIS spectroscopy. 
 
3) To investigate the coordination chemistry of metal ions bonded to 
functionalized hybrid materials. Speciation studies are performed with 
europium(III) to allow combination of experimental data derived from 
luminescence spectroscopy and EXAFS. 
 
4) To investigate the adsorption performance of the functionalized hybrid 
materials. For a series of selected critical metals (the lanthanides, scandium, 
gallium and indium) the metal-binding ability of the functionalized 
biopolymer-silica hybrid materials is investigated from single-element 
solutions as a function of contact time, pH of the aqueous solution and 
adsorbent mass. For each system, the adsorption capacity is determined. 
 
5) To determine the selectivity for the uptake of particular metal ions. This is 
investigated from synthetic multi-element solutions and leachate mixtures. 
Selectivity is obtained by properly tuning the immobilized ligand and is 
based on the corresponding stability constants of the complexes formed 
between the respective metal ions and the ligand. 
 
6) To perform separation studies by the principle of chelating ion-exchange 
chromatography with the functionalized adsorbent materials as the 
stationary phase. Chromatograms (loading and breakthrough curves) are 
constructed to interpret the separation efficiency for a specific metal 
mixture. 
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This chapter has been published and is reproduced here with permission from 
the Royal Society of Chemistry (RSC © 2014): 
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2 (2014), 19415–19426. DOI: 10.1039/C4TA04518A 
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All experimental work as well as the writing were performed by the author of this 
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GRAPHICAL ABSTRACT 
 
 
 
 
Functionalized chitosan-silica hybrid materials were synthesized, characterized and used for 
adsorption of rare-earth ions. These novel adsorbents were proven to be highly selective amongst 
rare-earth ions. 
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ABSTRACT 
 
 
Chitosan-silica hybrid adsorbents were prepared and functionalized with 
ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid 
(DTPA). The method consisted of a sol-gel hybridization of chitosan and silica, 
followed by the addition of bisanhydrides of EDTA and DTPA to graft the 
corresponding ligands on the amine groups of the chitosan moieties in the hybrid 
particles. The resulting adsorbents were characterized by a range of analytical 
techniques: FTIR, BET, SEM, TGA, ICP and CHN. Coordination of Eu(III) to 
immobilized EDTA- and DTPA-groups was investigated by luminescence 
spectroscopy. The adsorption performance of the chitosan-silica adsorbents was 
investigated for Nd(III) as a function of the contact time, pH of the aqueous feed 
and adsorbent mass. Adsorption isotherms could be obtained by varying the 
equilibrium concentration. Stripping and reusability studies were performed for 
both EDTA-chitosan-silica and DTPA-chitosan-silica. Differences in affinity 
amongst the rare-earth ions were investigated for DTPA-chitosan-silica in mono-
component solutions of five REEs (La, Nd, Eu, Dy and Lu). The order of affinity 
was in agreement with the trend in stability constants for the respective rare-earth 
ions with non-immobilized DTPA (bearing five available carboxylic acid groups, 
compared to four in the immobilized analogue). Multi-element mixtures were used 
to determine the selectivity of the DTPA-functionalized adsorbent material. 
Special attention was paid to the separation of Nd and Dy, since these elements 
are relevant to the recovery of rare earths from End-of-Life permanent magnets. 
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3.1 INTRODUCTION 
Biosorption is a promising technology for the removal or recovery of organic and 
inorganic substances from solution.180 In our evolution towards a more sustainable 
society, biosorption offers advantages due to the cost-effective, environmentally 
friendly and virtually unlimited supply of bioresources.107 A wide variety of 
biosorbents exist, ranging from micro-organisms to agricultural waste.88,89,129 One 
of the most promising biosorbents is chitosan, a linear polysaccharide composed 
of randomly distributed β-(1,4)-linked d-glucosamine (deacetylated unit) and N-
acetyl-d-glucosamine (acetylated unit), which is obtained on an industrial scale by 
the alkaline deacetylation of chitin. As the main component in the exoskeleton of 
Crustacea, chitosan is one of the most abundant biopolymers in nature.104,154 
Besides the non-toxicity, bio-degradability and reusability of biosorbents, chitosan 
is specifically advantageous because it contains a high concentration of amino 
groups, which are easy to functionalize. This results in a high adsorption capacity 
and selectivity for metal ions.105,115,164,181-187 Modified chitosan is also very useful as 
a support material in heterogeneous catalysis.108,188-191 However, chitosan suffers 
from poor mechanical properties and low chemical resistance.133 To improve the 
properties of chitosan materials for use in metal-ion recovery, chitosan has been 
modified with ceramic alumina,134 alginate,192 polyvinyl alcohol,136 cyclodextrins,137 
magnetic nanoparticles,138 ionic liquids,139 and silica.128,140-144,193 By these 
modifications, the advantages of multiple materials are combined into one superior 
material. Combination of chitosan with silica has been shown to be suited as 
supporting material for column chromatography because of the large surface area, 
the high porosity and the excellent mechanical resistance of the resulting particles, 
while maintaining a higher loading efficiency compared to silica gel, even after 
functionalization with chelating agents.144,161 The simplest materials have a chitosan 
coating on the surface of silica particles, whereas the truly hybrid materials are 
prepared by a sol-gel process with hydrolysis of a silicon alkoxide precursor in the 
presence of chitosan. The sol-gel process results in the formation of covalent 
bonds between the chitosan and the silica network. Chitosan-silica hybrid materials 
have been investigated for the adsorption of only a limited number of metals (Co, 
Ni, Cd and Pb), but it offers many possibilities.128 Most studies focused on the 
removal of unwanted species from waste waters like heavy metals, or charged 
organic species like cationic dyes.90 However, chitosan-silica hybrids could also 
have great potential as sorbents for the selective recovery of valuable metals from 
secondary resources. Valorization of industrial waste streams can for instance be 
interesting in the case of red mud, phosphogypsum and other industrial residues. 
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These specific waste streams can contain significant amounts of rare earths.194 
Because of their essential role in permanent magnets, catalysts, rechargeable 
batteries, lamp phosphors, etc., the demand for rare earths will continuously grow 
in the future. A supply risk for rare-earth elements (REE) exists because of China’s 
quasi-monopoly on the production of rare earths, combined with a strict export 
policy. The recovery and recycling of rare earths is thus a very important 
issue.45,46,195 The number of studies on the use of biomass for the adsorption of 
rare earths is limited.102,155,196 Nevertheless, results up to now confirm the 
importance of research about the use of biosorbents for the recovery of rare-earth 
elements. 
 
In this paper, we describe the synthesis and characterization of EDTA- and 
DTPA-functionalized chitosan-silica hybrid particles and the application of these 
materials for the recovery of trivalent rare-earth ions from diluted aqueous 
solutions. 
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3.2 EXPERIMENTAL 
3.2.1 CHEMICALS 
 
For the synthesis of the chitosan-silica hybrid particles, lowly viscous chitosan 
from shrimp shells (≥ 99% purity) was obtained from Sigma-Aldrich and tetraethyl 
orthosilicate (TEOS, ≥ 99% pure) from Fluka Chemika. Ammonia solution 
(Analar Normapur, 25 wt%) and hydrogen chloride (ACS reagent, 37%) were 
obtained from VWR. Ethanol (Disinfectol®, denaturated with up to 5% ether) 
was obtained from Chem-Lab. Deuterium oxide (D2O, 99.9 at. % D) was 
purchased from Sigma-Aldrich. Aqueous rare-earth solutions for adsorption 
experiments were made from their corresponding REE salts: La(NO3)3·6H2O 
(99.9%) was supplied by Chempur, Nd(NO3)3·6H2O (99.9%) and 
Dy(NO3)3·5H2O (99.9%) were supplied by Alfa Aesar, Eu(NO3)3·6H2O (99.9%) 
was supplied by Strem Chemicals and Lu(NO3)3·xH2O was supplied by Sigma-
Aldrich. Proper dilutions were made with MilliQ® water (Millipore, >18 MΩ cm-
1). A 1000 ppm gallium standard was obtained from Merck. The silicone solution 
in isopropanol was obtained from SERVA Electrophoresis GmbH. All chemicals 
were used as received without further purification. 
 
3.2.2 EQUIPMENT AND ANALYSIS 
 
FTIR spectra were recorded on a Bruker Vertex 70 spectrometer (Bruker Optics). 
Samples were examined as such using a Platinum ATR single reflection diamond 
attenuated total reflection (ATR) accessory. Scanning Electron Microscopy (SEM) 
was performed to investigate the surface morphology. Images were made at an 
acceleration voltage of 5 kV on a JEOL JSM-6340F apparatus equipped with a 
Bruker X Flash Detector 5030 and a Bruker QUANTAX 200 EDS system. The 
specific surface area and porosity of the adsorbents were determined with a 
Quantachrome Autosorb-iQ automated gas sorption analyzer. Samples were 
outgassed under vacuum, at a final outgas temperature of 135 °C. The surface area 
and pore size were derived using the BET method by analyzing nitrogen 
adsorption at liquid nitrogen temperature. Thermogravimetric analysis (TGA) was 
performed to determine the organic content using a Netzsch-Gerätebau STA 449 
C Jupiter thermo-microbalance which was coupled to a Pfeiffer Vacuum OmniStar 
mass spectrometer. Samples were analyzed from ambient temperature to 1000 °C 
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under flowing air at a heating rate of 5 °C/min. CHN (carbon, hydrogen, nitrogen) 
elemental analyses were obtained with the aid of a CE Instruments EA-1110 
element analyzer. Inductively Coupled Plasma – Atomic Emission Spectroscopy 
(ICP-AES) was used to analyze the silicon content in the synthesized particles. 
Samples were destructed in an Anton Paar Multiwave 3000 microwave after mixing 
them with a ternary mixture of HCl 37% (2 mL), HF 48% (4 mL) and HNO3 65% 
(6 mL) in a Teflon disclosure recipient. HF, that could form volatile SiF4 
compounds, was then neutralized with H3BO3. The samples were analyzed with 
an ICP IRIS Intrepid XUV using the axial 251.611 nm emission line of silicon. 
Luminescence spectra and decay curves were recorded at room temperature on an 
Edinburgh Instruments FS900 spectrofluorimeter, equipped with a 450 W xenon 
arc lamp and a 50 W microsecond xenon flash lamp. Metal ion concentrations were 
determined by means of total-reflection X-ray fluorescence (TXRF) on a Bruker 
S2 Picofox TXRF spectrometer. To perform the sample preparation for a TXRF 
measurement, the unknown metal ion solution (900 µL) is mixed in an Eppendorf 
tube with a 1000 mg⋅L-1 gallium standard solution (100 µL) and stirred. A small 
amount of this prepared solution (about 7.5 µL) is put on a small quartz plate, pre-
coated with a hydrophobic silicone solution (about 10 µL), and dried in an oven at 
60 °C. Centrifugation was done by means of a Heraeus Megafuge 1.0 centrifuge. 
The chromatography separation setup was composed of a Büchi chromatography 
pump B-688, to control the pressure and the eluent flow, and a glass Büchi 
BOROSILIKAT 3.3 column tube, N° 17988 with dimensions 9.6 mm × 115 mm 
(bed volume = 8.3 mL). Separated compounds were collected with the aid of a 
Büchi Automatic Fraction Collector B-684. The distinct fractions were monitored 
by ex-situ analysis of the fractions with TXRF to determine the respective metal-
ion concentrations.  
 
3.2.3 SYNTHESIS 
 
CHITOSAN-SILICA (CS) 
 
The chitosan-silica hybrid materials were synthesized according to the in-situ, 
Stöber based method described by Rashidova et al.142 Chitosan (2.0 g) was dissolved 
first in a 2 vol% acetic acid solution (100 mL). TEOS (30 mL) was added to the 
pale yellow viscous solution. The solution (pH 4) was stirred for ½ h to induce the 
hydrolysis reactions, during which ethoxide groups are replaced by hydroxyl 
groups. Then the solution was poured into a flask containing a solution of 3 vol% 
NH3 (200 mL, pH 12) to catalyze the condensation reactions. The resulting white 
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suspension (pH 10) was strongly stirred for 24 h at room temperature. The 
chitosan-silica slurry was filtered off and thoroughly washed with a considerable 
amount of demineralized water until neutral pH. Then the product was washed 
with ethanol and n-heptane. Eventually it was air-dried for 24 h, before vacuum-
drying it at 40 °C for 24 h. The resulting material was a white powder. Yield: 9.0 ± 
0.5 g. 
 
EDTA-CHITOSAN-SILICA AND DTPA-CHITOSAN-SILICA 
 
As described by Repo et al.,128 the chitosan-silica hybrid materials could further be 
functionalized with EDTA and DTPA by grafting the corresponding anhydrides 
(excess) on the chitosan amino groups. The bisanhydride synthesis is described in 
the Appendix. The functionalization occurred in a solution of chitosan-silica (7.5 
g), acetic acid (5 vol%, 100 mL) and methanol (400 mL). Yield: 5.5 ± 0.5 g. 
 
3.2.4 ADSORPTION 
 
Batch adsorption experiments were first carried out with aqueous solutions of 
neodymium(III) to characterize several adsorption parameters: influence of 
contact time, pH of the aqueous feed and adsorbent mass. The Nd3+ ion was used 
as a model system for all rare-earth ions in the optimization tests. All adsorption 
tests were performed in a 10 mL aliquot of a properly diluted stock solution. The 
adsorbent (25.0 ± 0.1 mg) was added to the vials. Solutions were then stirred at 
room temperature with a magnetic stirring bar at 500 rpm for a preset time period. 
Next, the particles were separated from the aqueous solution by filtration, making 
use of a polypropylene syringe filter with a pore size of 0.45 µm. The remaining 
metal ion concentration of the aqueous solution was measured with TXRF. The 
amount of metal ions adsorbed onto the chitosan-silica particles was then 
determined using Equation 4 (Chapter 1, §2.5). 
 
3.2.5 STRIPPING AND REUSABILITY 
 
For the stripping experiments, initial adsorption took place in plastic centrifuge 
tubes. This allowed convenient separation of the aqueous solution from the loaded 
particles after 4 h of shaking, which was done by centrifugation (4200 rpm, 5 min). 
The aqueous solution was analyzed with TXRF to determine the amount of Nd3+ 
ions that was adsorbed onto the sorbent. Then the particles were washed with 
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MilliQ® water to remove non-complexated metal ions in the precipitate. 
Subsequently, the particles were stripped with 5 mL of a HCl solution with 
increasing concentration. The particles were vigorously shaken in the acid solution 
for 5 min. The stripping solution was again removed by centrifugation at 4200 rpm 
for 5 min and further analyzed to determine the amount of stripped ions. TXRF 
analysis required the use of polypropylene disks (instead of glass carriers), in order 
to be able to investigate the potential leaching of silicon. 
 
The reusability experiments occurred similarly. After removing the aqueous 
solution by centrifugation, stripping of the loaded particles with 10 mL of 1.0 M 
HCl for 10 min and washing the particles with 5 mL of MilliQ® water, the particles 
were kept overnight at 40 °C. In a next adsorption cycle, 10 mL of aqueous Nd3+ 
solution was again added to the functionalized hybrid materials and shaken for 4 
h. The adsorption that resulted from the first, the second and the third reusability 
cycle were compared to the initial adsorption amount to determine the extraction 
efficiency in consecutive experiments. 
 
3.2.6 SEPARATION EXPERIMENTS 
 
The method of slurry-packing was used to pack the separation column. Therefore, 
DTPA-chitosan-silica (2.0 g) was soaked in an aqueous HNO3 solution, set at pH 
3, before pouring the stationary phase in the column. Pressurized air was used to 
ultimately pack the wet resin slurry. Metal frits were mounted at the top and at the 
bottom of the column, serving as filters that allow the mobile phase to pass, but 
keep the stationary phase inside the MPLC-column. Flow rates up to 20 mL/min 
could be reached without exceeding the pressure maximum, set at 10 bar. The 
experiment was preceded by a thorough washing of the column with 50 mL of 
demineralized water, followed by conditioning of the column with 50 mL of an 
aqueous HNO3 solution, set at pH 1.50. Also the Nd3+/Dy3+ separation mixture 
was set at pH 1.50 with HNO3. The feed concentration was 2.0 mM for both metal 
ions, hence Nd3+ and Dy3+ were present in a 1:1 molar ratio. An average flow rate 
of 5 mL/min was set. 
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3.3 RESULTS AND DISCUSSION 
3.3.1 SYNTHESIS 
 
Silica gels are most often synthesized by hydrolysis of monomeric, tetrafunctional 
alkoxide precursors employing a mineral acid or base as a catalyst.150 In the 
synthesis procedure described in this paper, tetraethyl orthosilicate (TEOS) was 
used as silica precursor and ammonia as a catalyst in a large excess of water. 
Because water and TEOS are immiscible, a mutual solvent such as ethanol is 
mostly used as a homogenizing agent. However, the gel could be prepared without 
addition of ethanol because the amount produced as by-product of the hydrolysis 
reactions was sufficient to homogenize the initially phase-separated system by 
strong stirring. In the subsequent condensation reactions, the formed silanol 
groups reacted to produce siloxane bonds. Base-catalyzed polymerization with 
large H2O:Si ratios produces highly branched sol particles.150 As the chitosan 
amino groups remained available after hybridization, the chitosan-silica materials 
could easily be functionalized with EDTA and DTPA by grafting the 
corresponding anhydrides on the chitosan amino groups. The chemical structure 
of EDTA-functionalized chitosan-silica is depicted in Scheme 5. The structure of 
DTPA-chitosan-silica is similar. 
 
 
Scheme 5: Chemical structure of EDTA-functionalized chitosan-silica. 
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3.3.2 CHARACTERIZATION 
 
The functional groups on the hybrid materials were investigated by FTIR. In all 
infrared spectra, a broad band was present between 3200 and 3600 cm-1, due to 
the symmetric vibration of free NH2 and OH groups. These originate mainly from 
chitosan, but also silanol groups from silica contribute to this band. Whereas in the 
spectra of the chitosan-silica materials only one peak around 1640 (± 2) cm-1 was 
present, several peaks occurred between 1350 and 1750 cm-1 in the spectra of the 
functionalized materials. The peak at 1318 cm-1 (C-N stretch amide) confirms the 
immobilization of the chelating agents by formation of an amide bond. These 
peaks arise from the presence of the carboxylic acid groups on the surface of the 
sorbents. The peak around 1640 cm-1 in the pre-functionalized chitosan-silica 
materials is due to the presence of an acetyl carbonyl group on part of the chitosan 
moieties. The most intense band in the spectra was found between 1090 and 1030 
cm-1 and can be associated to the Si-O-Si and Si-O-C vibrations. This band 
confirms that the hybridization went well, together with the peak at 956 (± 1) cm-
1, which occurs because of the Si-OH stretch that is shifted from 950 cm-1 by 
hydrogen-bonding interactions. 
 
 
 
Figure 11: SEM images made at acceleration voltage: 5.0 kV; working distance: 15.2 mm; 
photo magnification 1000×; (a) chitosan base material; (b) chitosan-silica; (c) EDTA-chitosan-
silica; (d) DTPA-chitosan-silica. 
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The surface morphology was investigated by SEM (Figure 11). The surface changes 
upon hybridization are clear by comparison of Figure 11a and 11b. The 
encapsulation of chitosan flakes in a silica network creates a coarser surface. 
Nevertheless, the chitosan amine groups stay available for functionalization. This 
can be observed in Figures 11c and 11d, where it can also be seen that the SEM 
pictures resulting from EDTA- and DTPA-chitosan-silica are very similar. 
Functionalization seemingly leads to a denser appearance of the polymer 
structures, which can be attributed to the fact that crosslinking occurs to some 
extent by functionalization with EDTA- and DTPA-bisanhydride. Grinding of the 
particles after functionalization severely decreased the particle size. 
 
BET analysis was used to measure the specific surface and porosity of the material 
(Table 3). This technique is based on the multilayer adsorption of nitrogen as a 
function of relative pressure. The obtained data is very reproducible for both 
batches and thus the hybridization procedure can be considered to be highly 
reproducible. They clearly show the effect of hybridization. Firstly, it was seen that 
the specific surface area of hybridized chitosan is dramatically increased, which was 
also concluded from the SEM images. Secondly and more importantly, the porosity 
was increased remarkably because of the hybridization. As the pore size is between 
2 and 50 nm, these materials can be classified as mesoporous materials. This allows 
the use of these hybridized sorbents as chromatographic supports. It was 
experienced before that pure chitosan was not suited as a packing material for 
chromatographic separations as a consequence of column clogging because of its 
non-porous, elastic character. Only when mixed with sufficient amounts of silica, 
being porous and rigid, could a smooth flow be guaranteed over the entire column 
length. Hybridization increases the ease of use and the potential of this application. 
 
Table 3: BET analysis results 
 
Specific surface 
area 
(m²/g) 
Total pore 
volume 
(cm³/g) 
Average pore 
radius 
(Å) 
Chitosan 1 0.003 40 
Chitosan-silicai 218 1.024 94 
EDTA-CS 230 0.718 63 
Chitosan-silicaii 219 1.036 95 
DTPA-CS 198 0.573 58 
i A first batch of chitosan-silica was made to subsequently functionalize with EDTA. 
ii A second batch chitosan-silica was made to subsequently functionalize with DTPA. 
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Functionalization of the hybrid particles has a minor influence on the surface 
characteristics. The specific surface area fluctuates around the value of 215 (± 15) 
m²/g. The porosity on the other hand decreases. It is not clear whether the 
presence of organic ligands causes filling of the (larger) pores or not. Alternatively, 
a crosslinking effect by the aminopolycarboxylic acid ligands may explain why the 
decrease in total pore volume and average pore radius is higher for DTPA-
chitosan-silica than for EDTA-chitosan-silica. 
 
TGA measured the thermal stability of the particles. The shapes of the TGA curves 
are very similar for the non-functionalized and the functionalized hybrid particles. 
However, the functionalized chitosan-silica materials started to decompose at a 
lower temperature (190 °C). The combustion products were analyzed by a coupled 
mass spectrometer. At 190 °C, the carboxylic acid functions were released rapidly 
from the ligands. Further decomposition of the organic matrix occurred in all 
materials from 220 °C to 300 °C in a first stage. In this stage, small fragments 
evaporated and chitosan started to de-polymerize. The monomeric units on their 
turn decomposed until a constant weight was reached at 600 °C. The main 
combustion products were CO, CO2, H2O and N2, while NH3 or NOx compounds 
were not detected. 
 
The ratio chitosan/silica in the respective materials was estimated by comparison 
of three independent techniques (TGA, ICP and CHN). The residual masses 
derived from the TGA measurements arise from the inorganic part and the loss-
on-ignition (LOI) value is a measure for the organic content. ICP and CHN 
allowed determination of the amount of silicon and carbon, hydrogen and 
nitrogen, respectively. All values can be found in the Appendix (TGA results in 
Table A1, ICP results in Table A2 and CHN results in Table A3). To calculate the 
organic content from the CHN measurements, all chitosan moieties were 
considered to be functionalized in EDTA- and DTPA-chitosan-silica. This is 
realistic in case of EDTA-chitosan-silica, but less for DTPA-chitosan-silica, as 
described in earlier work.196 
 
An overall average value was determined to get the percentages of chitosan and 
silica in the chitosan-silica particles (Table 4). Calculations show that the 
hybridization procedure is quite reproducible with an average ratio of 1 part of 
chitosan (25 wt%) to 3 parts of silica (75 wt%). By functionalization of the 
particles, the organic share obviously increased a little due to immobilization of 
organic ligands. Notice that this increase is higher for functionalization with 
EDTA than with DTPA. The apparent lower degree of functionalization in 
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DTPA-chitosan-silica may be attributed to a crosslinking effect. Nevertheless, the 
resulting ratios are still roughly comparable for EDTA-chitosan-silica and DTPA-
chitosan-silica, both containing more specifically 3 parts of chitosan (30 wt%) to 7 
parts of silica (70 wt%). Finally, it was confirmed that a smooth flow could be 
obtained with these stationary phases by packing EDTA-chitosan-silica and 
DTPA-chitosan-silica in a column. Therefore, it is possible to use these particles 
as a resin for the separation of rare earths by means of chelating ion-exchange 
chromatography. 
 
Table 4: Average values for the chitosan and silica content in the (functionalized) chitosan-silica 
materials as a result of TGA, ICP and CHN measurements. 
 
Average organic 
content 
(wt%) 
Average silica 
content 
(wt%) 
Ratio 
chitosan:silica 
Chitosan-silicai 25.8 74.2 1:3 
EDTA-CS 31.0 69.0 3:7 
Chitosan-silicaii 25.8 74.2 1:3 
DTPA-CS 29.7 70.3 3:7 
i A first batch of chitosan-silica was made to subsequently functionalize with EDTA. 
ii A second batch chitosan-silica was made to subsequently functionalize with DTPA. 
 
3.3.3 LUMINESCENCE 
 
In order to investigate the structure of the complexes of rare-earth ions with the 
EDTA or DTPA groups on chitosan-silica and in order to determine the number 
of coordinated water molecules in the first coordination sphere, the luminescence 
properties of Eu3+-loaded chitosan-silica were measured. The excitation spectrum 
was dominated by a peak at 394.90 nm (corresponding to the 5L6 ← 7F0 transition), 
so the emission (luminescence) spectrum was recorded by irradiation of the sample 
with this wavelength (Figure 12). 
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Figure 12: Emission spectrum of Eu(III)-coordinated EDTA-chitosan-silica (λexc = 394.90 
nm, room temperature). 
The transitions in the emission spectrum all originate from the 5D0 level and 
terminate at various 7FJ levels (J = 0‒4, indicated in the figure). The pattern, shape 
and relative intensities of the peaks provide information about the environment of 
the Eu3+ ion. Since the 5D0 → 7F2 hypersensitive transition is the most intense 
transition in the Eu3+ ion coordinated EDTA-chitosan-silica material (and more 
intense than the 5D0 → 7F1 transition), this indicates that no centrosymmetry is 
present. The presence of the 5D0 → 7F0 transition indicates that the point-group 
symmetry of the Eu(III)-site is Cn, Cnv or Cs.197 The fact that this transition appears 
as a single peak indicates that Eu3+ ions occupy no more than one site of symmetry.  
 
The hydration number q of the Eu3+ ion coordinated to functionalized chitosan-
silica was determined. This was done by recording the decay time of the 5D0 excited 
state (measured by monitoring the luminescence intensity of the 5D0 → 7F2 
hypersensitive transition at 613.50 nm) for the Eu(III)-coordinated functionalized 
chitosan-silica suspended in H2O and D2O and by applying a simplified form of 
the modified Horrocks-Supkowski formula:198 
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 and  are the luminescence decay times determined in water and 
deuterated water, respectively (Table 5). The rounded hydration number was 3 for 
EDTA-chitosan-silica and 1 for DTPA-chitosan-silica. In the likely assumption 
that Eu3+ coordinates to all five atoms available for coordination in the EDTA-
moiety (two N atoms and three O atoms), and all seven atoms available for 
coordination in the DTPA-moiety (three N atoms and four O atoms), this means 
a coordination number of eight for the adsorbed Eu3+ ion in both materials.1  
 
Table 5: Lifetimes of the 5D0 excited state for Eu(III)-coordinated EDTA- and DTPA-CS in 
water and deuterated water and corresponding hydration numbers by application of Equation 8. 
  (ms)  (ms) q 
EDTA-chitosan-silica 0.286 1.738 2.89 
DTPA-chitosan-silica 0.534 1.629 1.05 
 
3.3.4 KINETICS OF ADSORPTION 
 
The influence of contact time, pH and adsorbent mass were investigated for 
aqueous nitrate solutions of Nd3+ as a model system for all rare-earth ions. For 
each experiment stirring occurred at room temperature with a magnetic stirring bar 
at 500 rpm. The influence of contact time on adsorption of rare-earth ions by 
EDTA- and DTPA-functionalized chitosan-silica is shown in Figure 13. The 
aqueous feed had an initial concentration of 0.50 (± 0.01) mmol L-1 in this 
experiment. The pH was not adjusted. The initial pH of 6.0 evolved to an 
equilibrium pH of 3.0 during the experiment due to the release of carboxylic acid 
protons when binding rare-earth ions. EDTA- and DTPA-chitosan-silica show a 
similar kinetic profile due to their similar structure. The major part of the present 
metal ions is already coordinated to the adsorbents within one hour. DTPA-
chitosan-silica shows a higher adsorption amount than EDTA-chitosan-silica. In 
these experimental conditions, 25 mg of DTPA-chitosan-silica proved sufficient 
to adsorb all Nd3+ ions from 10 mL solution (caq = 0.50 mmol L-1), while 25 mg of 
EDTA-chitosan-silica adsorbed only 80% of the ions present. Data points were 
                                                     
1 However, EXAFS analysis elucidated a coordination number of nine for the Eu3+ 
ion complexed by DTPA-chitosan-silica. The results of this EXAFS speciation 
study are presented and discussed in Chapter 4 (§4.3). 
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fitted with the pseudo-second-order kinetic model in order to predict the rate of 
adsorption (Table 6). The pseudo-second-order model is given by Equation 5 
(Chapter 1, §2.5). In the pseudo-second-order model, the rate-limiting step is the 
surface reaction. As the R² value is higher than 0.90 for both materials, 
chemisorption can be assumed to be the rate limiting step, rather than 
physisorption. Data fitting with the intraparticle diffusion model (in analogy with 
work by Repo et al.128) was not satisfying with our data and thus not discussed. 
 
Figure 13: Kinetics of adsorption of Nd3+ by EDTA-chitosan-silica and DTPA-chitosan-silica. 
Data points were fitted with the pseudo-second-order kinetic model. 
 
Table 6: Results of fitting kinetic data with the pseudo-second-order kinetic model. 
 
qe 
(mmol/g) 
k 
(g mmol/min) 
R² 
 
EDTA-chitosan-silica 0.16 1.07 0.91 
DTPA-chitosan-silica 0.20 1.99 0.95 
 
The plateau value was reached after 3 h for EDTA-chitosan-silica and already after 
2 h for DTPA-chitosan-silica as by then no more Nd3+ ions were in solution. All 
following adsorption experiments were performed for 4 h in order to ensure 
equilibrium conditions.  
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3.3.5 INFLUENCE OF pH 
 
The pH is one of the main parameters having an influence on the adsorption of 
metal ions, due to the protonation of complexing carboxylic acid groups on the 
surface of the sorbents. For both EDTA- and DTPA-chitosan-silica, the pH of 
the aqueous feed was varied between 1.0 and 7.0 (Figure 14). Because of hydrolysis 
of rare-earth ions, it does not make sense to investigate alkaline pH values. From 
the solubility constant of Nd(OH)3, Ksp = 10-23, it can be calculated that 
precipitation occurs from a pH of 7.37 in the concentration conditions of this 
experiment (caq = 0.51 mmol L-1).199  
 
Figure 14: Influence of aqueous pH on the adsorption of Nd3+ by EDTA-chitosan-silica and 
DTPA-chitosan-silica. 
Adsorption increases in a sigmoidal way for both EDTA-chitosan-silica and 
DTPA-chitosan-silica. No adsorption occurs at pH 1.0 since the functional groups 
are fully protonated at this pH. Raising the pH leads to a fast increase in adsorption 
amount. Whereas the increase in adsorption of Nd3+ continues for EDTA-
chitosan-silica until pH 7, at which all Nd3+ ions are recovered from solution, the 
plateau value is already reached at pH 4 for DTPA-chitosan-silica. The adsorption 
amount of 0.20 mmol Nd3+/g sorbent corresponds to complete recovery of the 
Nd3+ ions present in solution, so that it can be expected that adsorption with 
DTPA-chitosan-silica would also proceed at higher pH with higher metal ion 
concentrations. Note also that the equilibrium pH is approximately 3 in a standard 
experiment in which no pH adjustments are made, which is a consequence of the 
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exchange of sorbent protons for metal ions during the adsorption reaction. Hence, 
the adsorption amounts obtained in the previous experiment, being 0.16 and 0.20 
mmol Nd3+/g sorbent at pH 3 for EDTA-chitosan-silica and DTPA-chitosan-
silica, respectively (Figure 13), can be confirmed to be reproducible. 
 
3.3.6 ADSORPTION ISOTHERMS 
 
As a third parameter, the adsorbent mass was varied. By increasing the adsorbent 
mass, a decrease of the Nd3+ equilibrium concentration occurs. By plotting the 
adsorption amount versus the equilibrium concentration, adsorption isotherms 
were obtained (Figure 15).  
 
Figure 15: Adsorption isotherms of EDTA-chitosan-silica and DTPA-chitosan-silica for the 
adsorption of Nd3+, both fitted with the Langmuir-Freundlich model. 
To characterize the sorption equilibria, data points were fitted with two commonly 
used sorption models: the Langmuir adsorption model and the Langmuir-
Freundlich model. The Langmuir adsorption model (Equation 6, Chapter 1, §2.5) is 
based on the fact that a solid surface has a finite amount of sorption sites. The 
sorption process occurs in a monolayer that covers the surface of the material. It 
is further assumed that adsorption is a dynamical process. At equilibrium, the 
number of adsorbed ions equals the number of ions that are released from the 
adsorbent surface.153 Fitting results for the Langmuir method are shown in Table 
7. The R² value that results from the fitting procedure was low for DTPA-chitosan-
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silica, which indicated that the original Langmuir model was not appropriate to 
describe the adsorption of Nd3+ by this material. 
 
Table 7: Fitting results of adsorption isotherm data with Langmuir model. 
 
theoretical qmax 
(mmol Nd3+/g sorbent) 
KL 
(L/mmol) 
R² 
EDTA-chitosan-silica 0.27 3.72 0.95 
DTPA-chitosan-silica 0.27 55.13 0.85 
KL = Langmuir isotherm constant 
 
The Langmuir-Freundlich model (Equation 7, Chapter 1, §2.5) is a modified version 
of the original Langmuir model, based on the Freundlich equation, which is the 
earliest known relationship describing non-ideal and reversible adsorption, not 
restricted to the formation of a monolayer. This empirical model can be applied to 
multilayer adsorption, with non-uniform distribution of adsorption sites and 
afﬁnities over the heterogeneous surface.177 The results for the Langmuir-
Freundlich method are shown in Table 8. As R² value elucidated that the Langmuir-
Freundlich model is more accurate, it was chosen to fit the data in Figure 15 with 
this model. 
 
Table 8: Fitting results of adsorption isotherm data with Langmuir-Freundlich model. 
 
theoretical qmax 
(mmol Nd3+/g sorbent) 
KLF 
(L/mmol) 
n R² 
EDTA-chitosan-silica 0.42 1.09 0.52 0.99 
DTPA-chitosan-silica 0.74 0.02 0.16 0.98 
KLF = Langmuir-Freundlich isotherm constant 
 
Most important is the confirmation that DTPA-chitosan-silica has an overall better 
adsorption capacity than EDTA-chitosan-silica. The data also confirm the 
adsorption amounts obtained in upper experiments. These were performed with 
an aqueous Nd(III) concentration of 0.51 mM, for which adsorption amounts of 
0.16 mmol/g for EDTA-chitosan-silica and 0.24 mmol/g for DTPA-chitosan-
silica can be derived from Figure 15. Next, it can be concluded from the modeling 
that the maximum adsorption capacity of both materials (at high feed 
concentration) is higher than expected from the previously described experiments, 
up to 0.75 mmol Nd3+/g of DTPA-chitosan-silica. This is in agreement with the 
observation that the Langmuir-Freundlich model fits the adsorption isotherms 
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well for both materials. The Langmuir-Freundlich model supports the hypothesis 
that no simple monolayer of rare-earth ions is formed around the particles. The 
experimental validation of even higher adsorption amounts was not considered 
relevant, since the application of this type of materials is mainly the recovery of 
rare earths from diluted aqueous waste streams.  
 
3.3.7 STRIPPING AND REUSABILITY STUDIES 
 
After adsorption of rare-earth ions from solution, stripping of the immobilized 
ions is required for further processing and regeneration of the sorbent. This can 
be done by bringing the loaded adsorbents in contact with acidic solutions and 
shaking for 5 min. The effect of the HCl concentration on the amount of stripping 
is shown for EDTA-chitosan-silica and DTPA-chitosan-silica in Figure 16. The 
adsorbent materials were loaded by adsorption from an aqueous Nd3+ solution (caq 
= 1.05 mM). The adsorption amount was equal to 0.22 (± 0.01) mmol/g for 
EDTA-chitosan-silica and 0.25 (± 0.02) mmol/g for DTPA-chitosan-silica. The 
experiment was performed in duplicate. Stripping in the less acidic region is easier 
for EDTA-chitosan-silica than for DTPA-chitosan-silica. This is in line with 
previous observations, in the sense that binding of Nd3+ ions is weaker for EDTA-
chitosan-silica than for DTPA-chitosan-silica. The higher adsorption capacity of 
DTPA-chitosan-silica is reflected here in the observation that complex formation 
seems stronger so that higher concentrations of HCl are needed to desorb the Nd3+ 
ions from the particles. 
 
Figure 16: Effect of aqueous HCl concentration on the stripping efficiency for EDTA-chitosan-
silica and DTPA-chitosan-silica. 
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Stripping solutions were also analyzed with TXRF to investigate possible 
deterioration of the hybrid adsorbent particles due to silicon leaching. No 
significant silicon leaching (< 1 % particle loss) was observed for all investigated 
HCl concentrations. It can be concluded that the material is stable within the time 
range needed for complete stripping of loaded chitosan-silica.  
 
The effect of stripping on the remaining adsorption performance was investigated 
for both materials. After loading the adsorbents with Nd3+ and stripping them for 
5 min with a 1.0 M HCl aqueous solution, the particles were washed with 
demineralized water and reused in three consecutive adsorption/desorption cycles. 
The experiments were repeated in triplicate to reduce the experimental error. The 
results are shown in Figure 17. A drop in efficiency occurs for both materials after 
the first stripping cycle. In the following cycles, the adsorption amount remains 
quite constant, around 85% for both EDTA-chitosan-silica and DTPA-chitosan-
silica. The initial efficiency drop cannot be ascribed to inflicted damage of the silica 
network since it was described above that no silicon leaching was observed. 
Therefore, a more plausible explanation is that damages occur to the more fragile 
organic part of the adsorbents. It can be assumed that a small part of the functional 
groups is lost upon the first treatment with 1.0 M HCl. Since the adsorption 
amount remains constant after the first cycle, it is assumed that the resulting 
material is strong enough to resist consecutive acidic stripping steps. As a 
consequence of these results, it can be claimed that both EDTA-chitosan-silica 
and DTPA-chitosan-silica are reusable, resulting in very sustainable materials.  
 
Figure 17: Adsorption amount for EDTA-chitosan-silica and DTPA-chitosan-silica in 
consecutive adsorption/desorption cycles. 
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3.3.8 INVESTIGATION OF SELECTIVITY 
 
Selectivity arises from differences in affinity of different metal ions for a selected 
material. Therefore, it was first investigated whether differences exist in the 
adsorption amount of several rare-earth ions from different mono-component 
solutions. Batch adsorptions were performed with DTPA-chitosan-silica in 
aqueous solutions of La3+, Nd3+, Eu3+, Dy3+ and Lu3+ (caq = 0.75 mmol L-1) as a 
function of equilibrium pH. Distribution coefficients D can then be calculated, 
which have been defined in the context of adsorption studies as: 
 


 (Eq. 9) 
 
Here qe is the equilibrium adsorption amount (mmol g-1) and ce is the equilibrium 
concentration in solution (mmol L-1). Differences in affinity among the different 
lanthanide ions become clear from Figure 18 as the data points for the different 
ions are well distinct from each other. 
 
Figure 18: Distribution coefficients for adsorption of different lanthanide ions from mono-
component solutions with DTPA-chitosan-silica as a function of equilibrium pH. Notice the 
logarithmic scale on the Y-axis. 
The order of affinity among the metal ions follows the corresponding stability 
constants between the lanthanide ions and non-immobilized DTPA, as is depicted 
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in Figure 19. The absolute values differ slightly as one carboxylic acid function less 
is available in immobilized DTPA, but the same trend is valid. The affinity for 
DTPA-chitosan-silica increases from lanthanum to dysprosium/ holmium. This 
has to do with the lanthanide contraction, being the more than expected decrease 
in ion size for consecutive lanthanide ions. This is a consequence of the poor 
shielding of the nuclear charge by the 4f subshell, which causes the 5s and 5p 
electrons to experience a larger effective nuclear charge. The smaller the ionic 
radius, the better the arms of DTPA can enfold the respective ion, resulting in 
stronger coordination. However, this phenomenon is characterized by an optimum 
size, as can be concluded from decreasing stability constants from erbium on. The 
smaller size of lutetium does not allow a strong coordination with the four arms 
of the large DTPA-ligand, explaining the position of its affinity curve between that 
of neodymium and europium (Figure 18). 
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Figure 19: Literature stability constants (log β1) for the trivalent rare-earth ions with non-
immobilized DTPA.200 
Differences in affinity can be exploited to gain selectivity in multi-component 
solutions. The most important difference with adsorption experiments in mono-
component solutions is that effective competition occurs between the different 
metal ions present in a mixture. Because the number of adsorption sites is limited, 
it is expected that the number of adsorption sites occupied by the different metal 
ions will depend on the affinity of particular metal ions for the adsorbent. To 
confirm this statement, the same five lanthanides (La, Nd, Eu, Dy and Lu) were 
used in a mixture (cLn3+ = 0.44 mmol L-1) and subjected to adsorption by DTPA-
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chitosan-silica. The results of this experiment can be found in Figure 20. It becomes 
clear from this experiment that the same trends as in mono-component solutions 
are valid when mutual competition influences the adsorption processes. Selectivity 
for the adsorption of lanthanide ions increases in the order La3+ < Nd3+ < Lu3+ < 
Eu3+ < Dy3+. This again confirms the potential use of this material for the 
separation of rare earths by means of chelating ion-exchange chromatography.  
 
Figure 20: Distribution coefficients for adsorption of different lanthanide ions from a multi-
element solution with DTPA-chitosan-silica as a function of equilibrium pH. 
Neodymium and dysprosium are the two rare earths that were ranked highest in 
importance to both clean energy and supply risk by the US Department of Energy 
(DOE).37 As both elements occur in NdFeB magnets, the separation of Nd3+ and 
Dy3+ is very relevant. Given the high stability constant of free EDTA/DTPA with 
Fe3+, it is important that the latter is not present in the binary Nd3+/Dy3+ mixture 
to be separated. Contamination with Fe3+ can be avoided to a significant extent by 
a proper pretreatment step, for instance by selective leaching through sulphate 
roasting.201 In addition, it has been shown in our research group that residual 
amounts of Fe3+ could be selectively removed from the leachate by exploiting its 
hydrolysis behavior, since Fe3+ precipitates at a significantly lower pH compared 
to the Ln3+ ions.202 A binary mixture of Nd3+ and Dy3+ was prepared (cLn3+ = 0.52 
mmol L-1) and subjected to adsorption with EDTA- and DTPA-chitosan-silica. To 
quantify the difference in adsorption amount of both ions, an enrichment factor 
was calculated, defined as the ratio of Dy3+ to Nd3+ present at equilibrium onto 
the adsorbents and Dy3+ to Nd3+ initially present in the aqueous solution:  
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 (Eq. 10) 
 
The enrichment factors, calculated as a function of equilibrium pH, are visualized 
for both EDTA- and DTPA-chitosan-silica in Figure 21. The most important 
conclusion is that selectivity is high for both materials. For both EDTA- and 
DTPA-chitosan-silica the enrichment factor is 2 at pH 2.00, which means that 
twice as much Dy3+ is adsorbed in comparison with Nd3+. This is a good value 
with regard to these materials’ application as resins for column chromatography. 
Moreover, by decreasing the pH, the number of available sorption sites becomes 
smaller and competition increases. The differences in affinity are exploited and 
selectivity increases. While the maximum selectivity is reached for EDTA-
chitosan-silica at pH 1.50 (still around a value of 2), for DTPA-chitosan-silica the 
number of adsorbed Nd3+ ions decreases faster than the number of adsorbed Dy3+ 
ions with decreasing pH. An enrichment factor higher than 3 is reached for DTPA-
chitosan-silica at pH 1.00. The high selectivity at low pH is remarkable and 
advantageous for the selective recovery of rare earths from leaching solutions, 
which are characterized by low pH values. The figure does not show the stripping 
effect below pH 1 which causes the selectivity to drop for both materials. 
 
Figure 21: Enrichment factors for adsorption of Dy3+ in comparison with Nd3+ for EDTA-
chitosan-silica and DTPA-chitosan-silica as a function of equilibrium pH. 
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3.3.9 SEPARATION OF A Nd3+/Dy3+ MIXTURE 
 
An actual separation of Nd3+ and Dy3+ was performed by using the functionalized 
hybrid material as a resin in a chromatography column, under medium-pressure 
conditions (≤ 10 bars). After conditioning the column to a pH of 1.50, the sample, 
10 mL of an aqueous 1:1 Nd3+/Dy3+ mixture, was added on top of the column, 
followed by an additional 15 mL of aqueous HNO3 of pH 1.50. Breakthrough of 
neodymium was initiated by elution with, in succession, 50 mL of aqueous HNO3 
of pH 1.25 and 50 mL of aqueous HNO3 of pH 1.00. Eventually, stripping was 
performed by elution with 50 mL of 1.0 M HNO3. In Figure 22, it can be observed 
that neodymium and dysprosium are quasi-quantitatively separated from each 
other in one simple chromatography cycle. It is observed that a pH of 1.00 was 
necessary to make neodymium break through the column. At this pH however, 
dysprosium stayed complexed with the functional groups immobilized on the 
column packing. Hence, both elements could be collected in different fractions 
and separation was thus achieved. By stripping of dysprosium with 1.0 M HNO3, 
residual amounts of bonded neodymium co-eluted from the column. These ions 
can be considered as contamination. The corresponding fractions could eventually 
be subjected to one or more extra chromatographic cycles to get purer elements. 
Further, the resin could, in principle, be reused for many other separation 
experiments, as shown in the reusability studies, but an in-depth study of relevant 
separations is considered more relevant after development of high-performance 
3D-shaped functional materials. 
 
Figure 22: Chromatogram of the separation of a Nd3+/Dy3+ mixture (cLn3+= 2.0 mM) by 
elution with an aqueous HNO3 solution.  
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3.4 CONCLUSIONS 
Functionalized chitosan-silica was synthesized via a sol-gel hybridization, followed 
by covalent attachment of the chelating agents EDTA and DTPA. With different 
techniques, it was calculated that, on average, 30 wt% of the biopolymer consisted 
of functionalized organic material and 70 wt% of silica. This composition was 
reflected in the porous and rigid character of the particles. Comparison of the 
luminescence decay times of the europium(III) coordinated complexes in water 
and in heavy water allowed determination of the hydration number, which was 3 
for EDTA- and 1 for DTPA-chitosan-silica, indicating a coordination number of 
8 for europium(III) in both materials. During adsorption experiments, equilibrium 
conditions were reached after three hours. The adsorption capacity of DTPA-
chitosan-silica was shown to be higher than that of EDTA-chitosan-silica. A 
maximum adsorption plateau was reached for pH 4 and higher. Functionalized 
particles were fully stripped by treatment with a 1 M HCl solution. The adsorption 
efficiency dropped by about 15% after one stripping step and remained rather 
constant in the subsequent reusability cycles. DTPA-chitosan-silica showed a 
higher selectivity for dysprosium(III) over neodymium(III) in comparison with 
EDTA-chitosan-silica, which can be attributed to mutual differences in affinity for 
the different lanthanide ions. These findings, combined with the structural 
advantages obtained from the incorporation of silica, revealed a high potential for 
functionalized chitosan-silica as a resin material for the separation of rare earths by 
means of chelating ion-exchange chromatography. More evidence for this 
statement was obtained from the last experiment, in which the efficiency of 
DTPA-chitosan-silica was shown to be sufficient to mutually separate 
neodymium(III) and dysprosium(III) from each other in one simple 
chromatography cycle. 
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4.1 INTRODUCTION 
In adsorption studies, mainly the ability of a sorbent material to recover metal ions 
from aqueous solutions, the adsorption capacity, the selectivity and the reusability 
are investigated. However, very little is known about the adsorption mechanism or 
the speciation of metal ions with (functionalized) biopolymers. Speciation studies 
provide information on the stoichiometry and the structure of metal-chelate 
complexes: the number and type of ligands coordinated to the metal ion, the 
number of coordinated water molecules (i.e. the hydration number) and the 
symmetry of the first coordination sphere.197 
 
As a consequence of the amorphous nature of biopolymer-silica hybrid materials, 
speciation is challenging. Single crystal X-ray diffraction (XRD), the most common 
technique to characterize crystal structures at an atomic scale, cannot be performed 
on this type of materials.203 One of the few structural probes available to determine 
the local atomic structure of highly disordered materials is EXAFS, which stands 
for Extended X-ray Absorption Fine Structure.204 It is a powerful technique, able 
to resolve the local environment around the central, absorbing atom in a sample 
by penetration of monochromatic X-rays, usually produced by a synchrotron. It 
especially provides information on the coordination number, the nature of the 
coordinating atoms and the interatomic distances.167 
 
EXAFS is based on the photo-electric effect, in which a beam of X-rays of specific 
energy is absorbed by a target atom and a core-level electron is excited from the 
electron cloud to the continuum state in the formation of a photo-electron.205 The 
absorption coefficient, µ, gives the probability that X-rays are absorbed and can be 
quantified from the attenuation of the transmitted beam (with intensity I) 
compared to the incident beam (with intensity I0) upon movement through the 
sample. The energy dependence of the absorption coefficient, µ(E), can be 
measured either in transmission or in fluorescence.205 When the energy of the 
incident X-rays is tuned to the binding energy of a core-level electron of the 
absorbing atom, an abrupt increase in the absorption coefficient, known as the 
absorption edge, occurs.206 One refers to the K-edge, when electronic excitation 
occurs from the K-shell (1s orbital), or the LI, LII, LIII-edge, when  the electronic 
excitation occurs from the L-shell (2s or 2p orbital).  
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The absorption edge typically divides the total X-ray absorption spectrum into two 
regimes: X-ray absorption near-edge spectroscopy (XANES) and extended x-ray 
absorption fine-structure spectroscopy (EXAFS). This is visualized in Figure 23. 
Although both have the same physical origin, this distinction is convenient for 
interpretation. XANES is strongly sensitive to formal oxidation state and the 
coordination symmetry of the absorbing atom, while EXAFS is used to determine 
bond distances, coordination numbers, and neighbors of the absorbing atom.205 
 
 
Figure 23: XAFS spectrum of FeO (blue line) showing the XANES and EXAFS regions as 
well as the absorption edge Δµ0.The smooth background function µ0 (red line) represents the 
absorption of an isolated atom. The background function is subtracted from the total absorption 
intensity in the obtention of the net EXAFS spectrum. Reproduced from a webpage of 
Atominstitut (TU Wien) on X-ray Absorption Spectroscopy.207 
EXAFS analysis refers to the oscillatory variation of the X-ray absorption as a 
function of incoming energy beyond the absorption edge.208 These oscillations 
result from the backscattering of ejected core electrons by neighboring atoms. For 
isolated atoms, the absorption coefficient would decrease monotonically as a 
function of energy. However, in the presence of neighboring atoms, scattered 
electron waves return to the absorbing atom, thus interfering with the outgoing 
electron wave and influencing the electron cloud of the absorbing atom. Since the 
absorption coefficient depends on whether there is an available electronic state, the 
photo-electron scattered back from the neighboring atom will alter the absorption 
coefficient. Variation of the absorption coefficient results in a fine structure.208 
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The EXAFS spectrum is defined as the normalized oscillatory part of the X-ray 
absorption coefficient at the high-energy side of the absorption edge: 
 


 (Eq. 11) 
 
Extraction of the net EXAFS function from the oscillating fine structure includes 
the following steps: 
 
• Pre-edge background removal 
• Normalization 
• Energy calibration 
• Isolation of fine-structure oscillations by spline fitting 
• Conversion to k-space (energy to wavenumber)  
 
Modelling of the extracted EXAFS function allows to obtain structural properties 
of the material. From “scattering paths” between target and neighboring atoms, 
partial-pair correlation functions are created. These unique functions are then 
summed to one net wave function and fitted to the experimental EXAFS function, 
from which all structural information can be extracted. By Fourier-transformation 
of the EXAFS wave function, a pseudo-radial distribution function is obtained 
which provides information about the radial position of atom “shells”. Usually, the 
major peak is observed at the interatomic distance between the target metal and 
the first coordination sphere.209 The degeneracy of a particular scattering path 
reveals how many times the respective interaction occurs and thus reflects the 
coordination number. The Debye-Waller factor accounts for thermal vibration and 
structural disorder of the atoms.210 
 
EXAFS studies on the speciation of metal ions coordinated by biopolymer 
derivatives are very limited.209,211 In the framework of this research, the 
complexation behavior of DTPA-functionalized chitosan-silica with Eu(III) was 
investigated. In this case, the interatomic distance relates to Eu(III) and a relevant 
atom (N, O or C) in DTPA-functionalized chitosan-silica. Eu(III) may be 
considered as a model element for the REEs, but the choice for Eu(III) was also 
based on the possibility to combine experimental data from high-resolution 
luminescence spectroscopy. Combined, these techniques are very powerful: 
whereas EXAFS provides information on the coordination number, the nature of 
the coordination atoms and bond distances, Eu(III) luminescence spectra allow 
determination of the hydration number and the symmetry of the metal complex.
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4.2 EXPERIMENTAL 
Extended X-ray Absorption Fine Structure (EXAFS) spectra of the Eu LIII-edge 
(6977 eV) were collected at the Dutch-Belgian Beamline (DUBBLE, BM26A) at 
the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). The 
energy of the X-ray beam was tuned by a double-crystal monochromator operating 
in fixed-exit mode using a Si(111) crystal pair. The measurements were done in 
transmission mode using Ar/He gas filled ionization chambers. The sample 
procedure consisted of pressing a pellet with a thickness of 2 mm from the wet 
adsorbent material. To avoid disintegration, the pellet was wrapped with Kapton® 
tape. 
 
Standard procedures were used for pre-edge subtraction and data normalization in 
order to isolate the EXAFS function (χ). The isolated EXAFS oscillations, 
accomplished by a smoothing spline as realized in the program Viper,212 were k3 – 
weighed and Fourier transformed over the k-range from 2.25 to 10.75 Å-1 using a 
Gaussian (rounded-end) window function. The data were fitted using the ab initio 
code FEFF 7.0,213 which was used to calculate the theoretical phase and amplitude 
functions that were subsequently used in the non-linear least-squares refinement 
of the experimental data. Fitting of the data with the model was performed in R-
space. Estimated standard deviations are shown between parentheses and 
calculated by VIPER. S0 was fixed for all fits at 0.95. 
  
Speciation by EXAFS 
 
81 
4.3 MODELLING EU(III) - DTPA-CHITOSAN-SILICA 
Luminescence measurements on a Eu(III) coordination complex with DTPA-
chitosan-silica were discussed in the previous chapter (§3.3.3).214 These 
measurements revealed the presence of one hydrating water molecule in the first 
coordination sphere of Eu(III). The free ligand DTPA bears eight coordination 
atoms: three N atoms and five O atoms. By immobilization on chitosan through 
an amide bond, one of these O atoms becomes inavailable for coordination. 
Hence, by coordination with one O atom from water, four O atoms from 
carboxylic acid functional groups in DTPA and three N atoms from the amine 
functions in DTPA, a coordination number of 8 was derived for Eu(III) in the 
chelate complex with DTPA-chitosan-silica. 
 
However, from the EXAFS analysis of Eu(III) coordinated to DTPA-chitosan-
silica, a coordination number of 9 was derived for Eu(III). Modelling with three N 
atoms and five O atoms resulted in bad fits. Albeit stated differently before, Eu(III) 
must bind to an additional N atom. This donor atom probably originates from the 
chitosan moiety and is also used for the the amide bond with DTPA. This 
additional N coordination site was not considered at first since it does not belong 
to the chemical structure of DTPA. However, EXAFS modelling now revealed 
that the lone electron pair in the amide function is presumably used for 
coordination with Eu(III). The stoichiometry of the Eu(III) complex with DTPA-
chitosan-silica (DTPA-CS) may therefore be written as Eu(DTPA-CS)(H2O). 
 
For the modelling (Figure 24 and 25), four two-leg scattering paths were used: 
 
1) Eu-O 
2) Eu-N 
3) Eu-C1, with C1 a carbon atom from a methylene (CH2) group 
4) Eu-C2, with C2 a carbon atom from a carboxylate (COO-) group  
 
Note that O and N atoms are hard to distinguish by XAS spectroscopy. This is so 
because both atoms have close atomic numbers and, consequently, similar phase 
functions.209 Nevertheless, two distinct shells were created, for oxygen and 
nitrogen, in order to obtain two different positions for both atoms. By constraining 
the degeneracy of the Eu-O and the Eu-N scattering path to five and four, 
respectively, different bond distances for the corresponding O and N positions 
were obtained (Table 9). 
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Figure 24: EXAFS function χ(k)*k3: experimental and modelled data for Eu(III) coordinated 
to DTPA-functionalized chitosan-silica. 
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Figure 25: EXAFS wave function: experimental and modelled data for the complex of Eu(III) 
coordinated to DTPA-functionalized chitosan-silica. The data were Fourier-transformed between 
k = 2.25 and 10.75 Å with a Gaussian rounded-ends function and fitted to the model between 
r = 0 and 3.5 Å–1. ∆ = phase shift (around 0.4 Å). 
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Table 9: Fitting results of the EXAFS function of Eu(III) coordinated to DTPA-functionalized 
chitosan-silica; numbers with an asterisk (*) were constrained during modeling 
Scattering path Degeneracy r (Å) σ2 (Å2) 
Eu-O 5* 2.372 ± 0.002 0.008 ± 0.001 
Eu-N 4* 2.537 ± 0.007 0.017 ± 0.001 
Eu-CH2 8.0 ± 0.5 3.506 ± 0.005 0.011 ± 0.001 
(Eu-COO) 4.0 ± 0.2 3.314 ± 0.005 0.004 ± 0.001 
 
The calculated values in Table 9 are comparable with the expected values, derived 
from the respective ionic radii:215  
• Eu3+ = 1.12 Å for CN = IX 
• O-2 = 1.36 Å for CN = VI 
• N-3 = 1.46 Å for CN = IV 
 
Both the observed Eu-O and Eu-N bond distance is slightly shorter than the 
theoretical sum. This may be explained by the arrangement of the different atoms 
in a specific polyhedron configuration. From the elucidated coordination number, 
it may be assumed that immobilized DTPA attempts to mimick the coordination 
symmetry realized by free DTPA. Replacement of a carboxylic O atom by an amide 
N atom holds the only difference between both structures. Therefore, in analogy 
with the crystal structure derived by Liu et al. for the Eu(III)-DTPA complex, a 
pseudo-monocapped square-antiprismatic crystal structure is proposed for the 
Eu(III) ion coordinated by DTPA-chitosan-silica.216 The bond distances reported 
in the cited work for the Eu-DTPA crystal structure correspond well with the 
experimental values derived from EXAFS analysis. 
 
Additionally, two Eu-C scattering paths were included in the model. The C atoms 
may not be present in the first coordination sphere, but given their abundant 
presence in the chelating DTPA molecule, the corresponding single-scattering 
paths appeared to contribute to the EXAFS fine structure as well. The number of 
neighboring C atoms derived from EXAFS modelling, 4 carbonyl and 8 methylene 
groups, suggests that the chelating arm that is used for immobilization of the 
DTPA-ligand does not contribute to the coordination of Eu(III). This observation 
additionally confirms the aforementioned assumptions. It can be concluded that, 
in contrast with free DTPA, only four chelating arms are used for complexation 
of Eu(III) when DTPA is immobilized. Hence, the ninth coordination site on 
Eu(III) is occupied by the amide group on the chitosan backbone. 
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GRAPHICAL ABSTRACT 
 
 
 
 
The recovery of scandium from bauxite residue was investigated by adsorption. From batch 
experiments, it appeared that EGTA-chitosan-silica showed an exceptionally high selectivity for 
scandium. The functionalized adsorbent was therefore used as resin material in a column-
chromatography set-up to isolate pure scandium from a leachate of Greek bauxite residue. 
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ABSTRACT 
 
 
Bauxite residue (red mud) is a waste residue that results from the production of 
alumina by the Bayer process. Since it finds no large-scale industrial application, it 
is stockpiled in large reservoirs. Nevertheless, it should be considered as a valuable 
secondary resource as it contains relatively large concentrations of critical metals 
like the rare earths, scandium being the most important one. In this work, we 
investigated the recovery of scandium from leachates of Greek bauxite residue. In 
the separation of scandium from the other elements, the highest challenge arised 
from the chemical similarities between scandium(III) and iron(III). This hampered 
high selectivity for scandium, especially because iron, as one of the major elements 
in bauxite residue, was present in much higher concentrations than scandium. To 
achieve selectivity for scandium, chitosan-silica particles were functionalized with 
the chelating agents diethylenetriaminepentaacetic acid (DTPA) and 
ethyleneglycoltetraacetic acid (EGTA). Both organic ligands were chosen because 
of the high stability constants between scandium(III) and the corresponding 
ligands. The adsorption kinetics and the influence of pH on hydrolysis and 
adsorption were investigated batchwise from single-element solutions of 
scandium(III) and iron(III). Using binary solutions of scandium(III) and iron(III), 
only EGTA-functionalized chitosan-silica appeared to be highly selective for 
scandium(III) in favour of iron(III). EGTA-chitosan-silica showed a much higher 
selectivity over the state-of-the-art adsorbents for the separation of scandium(III) 
from iron(III). The latter material was therefore used as resin material in a column 
chromatography set-up to effectively separate scandium from the bauxite residue 
leachate. The separation was achieved by eluting the column with a HNO3 solution 
at pH 0.50, a value at which all other elements had already eluted. 
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5.1 INTRODUCTION 
Recovery of valuable metals from (industrial process) residues would be beneficial 
for both economical and sustainability reasons.57,217-220 Especially the winning of 
rare-earth elements from secondary resources has gained interest as an additional 
route to their primary mining, since rare-earth elements have become indispensable 
in many modern high-tech and green applications.45,57,221 Bauxite residue, also 
called “red mud”, is the waste product of the production of alumina from bauxite 
by the Bayer process.222 Bauxite residue is stockpiled in huge amounts, but it is 
harmful, mainly due to its high alkalinity (pH ≥ 12).59,223,224 Besides its major 
components (iron oxides, quartz, sodium aluminosilicates, calcium carbonate/ 
aluminate and titanium dioxide), bauxite residue also contains valuable minor 
elements, such as the rare earths. The concentrations of these metals are low, but 
with a global production rate of 140 million tonnes per year, bauxite residue can 
be considered as an important candidate for valorization.57 Moreover, compared 
to average concentration levels in the earth’s crust, bauxite residue is especially 
enriched in scandium. Scandium is mainly used in Al-Sc alloys, resulting in superior 
properties, such as light weight, high strength, good thermal resistance and long 
durability.26 Another important application includes the solid oxide fuel cells in 
which scandia-stabilized zirconia shows extremely high oxygen-ion conductivity 
for use as a highly efficient electrolyte.27 
 
To recover scandium and other rare earths from the bauxite residue, they must be 
dissolved by leaching with inorganic acids. This is extensively investigated.19,61,225,226 
As a consequence of the high liquid-to-solid ratios generally used to obtain good 
recovery, the resulting leachate solutions contain low concentrations of 
scandium.225 The most suitable technique for concentration of very diluted 
scandium is therefore adsorption, which makes it possible to selectively recover 
scandium from the leachate by using a proper resin material and proper desorption 
conditions.226 In Chapter 3, it has been shown already that chitosan is highly 
suitable to recover metal ions from diluted solutions by adsorption.196,214 Chitosan 
is a linear polysaccharide which is mainly obtained by alkaline deacetylation of 
chitin, a naturally abundant material that can be found in the exo-skeleton of 
crustacea (such as lobsters and shrimps) and insects.104,105,227 Its low cost, abundant 
availability, biocompatibility, biodegradability, non-toxicity, and convenient 
modification possibilities (both physically and chemically) make chitosan an 
interesting material for various applications, including recovery of metals from 
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aqueous solutions.104,105,129,164,166,227 Chitosan shows excellent adsorption 
characteristics because of its high hydrophilicity (hydroxyl groups), high activity 
for the chelation of metal ions (primary amino groups), and a flexible structure 
which enables to adopt the suitable configuration for complexation with metal 
ions.228 The large number of highly reactive amino and hydroxyl groups allows for 
convenient modifications of the structure. In this way, the selectivity for 
specifically targeted metal ions can be adjusted by immobilization of the proper 
functional group.142,228 Since pure chitosan suffers from poor mechanical 
properties and low porosity, it can be hybridized with silica to obtain organic-silica 
hybrid materials that combine the functional properties of the biopolymer with the 
stability and porosity of silica.128,214,229 Functionalized chitosan-silica sorbents are 
useful as stationary phase in chromatographic separation columns.142,214,229 
 
In this paper, chitosan-silica hybrid materials were synthesized and functionalized 
with diethylenetriamine pentaacetic acid (DTPA) and ethyleneglycol tetraacetic 
acid (EGTA). The selectivity for the uptake of scandium(III) from nitrate leachates 
was investigated in binary, equimolar solutions of scandium(III) and iron(III) with 
respect to the functional group immobilized on the polymer matrix. The effective 
separation of scandium from the bauxite residue leachate was investigated in a 
column chromatography set-up with EGTA-chitosan-silica as resin material and 
by eluting the loaded column with solutions with an increasing HNO3 gradient 
(decreasing pH). 
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5.2 EXPERIMENTAL 
5.2.1 CHEMICALS 
 
Tetraethyl orthosilicate (TEOS, ≥ 99.0% pure) was purchased from Merck KGaA 
(Darmstadt, Germany). Chitosan (≥ 99.0% pure) was purchased from Sigma-
Aldrich (Diegem, Belgium). Fe(NO3)3·9H2O (≥ 99.0% pure) was purchased from 
J.T. Baker Chemicals B.V. (Deventer, The Netherlands). Sc(NO3)3·xH2O (99.99% 
pure) was kindly supplied by Stanford Materials Corporation (Irvine, California, 
USA). Hydrochloric acid (37%), ethanol (99.99%) and sodium sulfite anhydrous 
(analytical reagent grade) were purchased from Fischer Scientific U.K 
(Loughborough, UK). Ammonia (25 w%), n-heptane (99+%), nitric acid (65+%), 
gallium standard (1000 µg/mL ± 0.4%), lanthanum standard (1000 µg/mL ± 
0.3%), cerium standard (1000 µg/mL ± 2 µg) and holmium standard (1000 µg/mL 
± 0.4%) were purchased from Chem-Lab NV (Zedelgem, Belgium). Serva silicon 
solution was purchased from SERVA Electophoresis GmbH (Heidelberg, 
Germany). Acetic acid (100%) and sodium hydroxide (min 97.0%) were purchased 
from VWR International (Heverlee, Belgium). Pyridine (99+%), methanol 
(99.99%), acetic acid anhydride (99+%), sulfuric acid (96%) and diethylenetriamine 
pentaacetic acid (DTPA, 98+%) were purchased from Acros Organics (Geel, 
Belgium). Ethyleneglycol tetraacetic acid (EGTA, ultrapure grade; 97.0%) was 
purchased from Amresco Inc (Solon, Ohio, USA). N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC, 99%) was purchased from 
Fluorochem (Hadfield, UK). The bauxite residue, precursor of the red mud 
leachates which have been studied in this work, was provided by the Aluminum of 
Greece Company, which is located at Agios Nikolaos, Greece. All products were 
used as received, without further purifications. 
 
5.2.2 EQUIPMENT AND ANALYSIS 
 
FTIR spectra were recorded on a Bruker Vertex 70 spectrometer (Bruker Optics). 
Samples were examined as such using a Platinum ATR single reflection diamond 
attenuated total reflection (ATR) accessory. CHN (carbon, hydrogen, nitrogen) 
elemental analyses were obtained with the aid of a CE Instruments EA-1110 
element analyser. Metal ion concentrations were determined by means of total-
reflection X-ray fluorescence (TXRF) on a Bruker S2 Picofox TXRF spectrometer. 
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To perform the sample preparation for a TXRF measurement, the unknown metal 
ion solution (900 µL) is mixed in an Eppendorf tube with a 1000 mg⋅L-1 gallium 
standard solution (100 µL) and stirred. A small amount of this prepared solution 
(5 µL) is put on a small quartz plate, pre-coated with a hydrophobic silicone 
solution (about 10 µL), and dried in an oven at 60 °C. Quantification of the metal 
ion concentration is derived from the absolute, known concentration of the 
gallium standard element and signal ratio of the metal of interest and the gallium 
standard. The MPLC chromatography separation set-up was composed of a Büchi 
chromatography pump B-688, to control the pressure and the eluent flow, and a 
glass Büchi BOROSILIKAT 3.3 column tube, N° 17988 with dimensions 9.6 mm 
× 115 mm (bed volume = 8.3 mL). Separated compounds were collected with the 
aid of a Büchi Automatic Fraction Collector B-684. Distinct fractions were 
monitored by ex-situ analysis of the fractions with Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS, Thermo Electron X Series). 
 
5.2.3 METHODS 
 
The synthesis of chitosan-silica hybrid materials and consecutive functionalization 
with DTPA from its bisanhydride have been described in Chapter 3 (§3.2.3). The 
immobilization of EGTA proceeded differently, according to the method 
described by Zhao et al.230 In this procedure, which is described in detail in the 
Appendix, EGTA and chitosan-silica were combined with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) at 40 °C. EDC is a water soluble 
crosslinking agent that activates carboxyl groups for the coupling of primary 
amines.231 The leaching of bauxite residue was carried out by constant agitation for 
24 h at 160 rpm and 25 °C. The leaching experiments were carried out with a 0.20 
N HNO3 solution with a liquid-to-solid ratio of 50:1.225 The elemental composition 
of the native bauxite residue leachate is presented in Table 10. Note the low 
scandium concentration in comparison with the concentrations of the major 
elements. The leachates were filtrated to remove solid particles. 
 
Table 10: Initial composition of the native leachate of Greek bauxite residue. ΣLn comprises all 
lanthanide elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tml, Yb, and Lu) 
Element Na Ca Al Fe Si Ti Sc ΣLn 
Concentration 
(mg·L-1) 
1104 939 670 106 558 106 2 6 
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Adsorption experiments were conducted by adsorption in batch mode, in aliquots 
of a properly diluted stock solution. Stock solutions were kept at pH 1.00. To 
adjust the experimental pH, 1.0 M HCl or 0.1 M NaOH was added to decrease or 
increase the pH, respectively. Functionalized particles were then added to the vials. 
Solutions were stirred at room temperature with a magnetic stirring bar at 300 rpm 
for 4 h. Next, the particles were separated from the aqueous solution by filtration, 
making use of a regenerated cellulose syringe filter with a pore size of 0.45 µm. 
The remaining metal ion concentration of the aqueous solution was measured by 
TXRF. The amount of metal ions adsorbed onto the chitosan-silica particles was 
then determined using Equation 4 (Chapter 1, §2.5). 
 
Column experiments were performed with a leachate of Greek bauxite residue. 
The column (bed volume = 8.3 mL) was packed with EGTA-chitosan-silica and 
connected to a chromatography pump to control the pressure (max. 10 bar) and 
the eluent flow. The experiments were preceded by thorough washing of the 
column with demineralized water, followed by conditioning of the column with a 
solution of HNO3, set at pH 1.50 (same as leachate). After addition of the sample 
to the column (10 mL), a decreasing pH gradient was applied with diluted solutions 
of HNO3 in order to elute the coordinated ions from the column. The distinct 
fractions (5 mL) were monitored by ex-situ analysis of the fractions with ICP-MS 
to determine the respective metal ion concentrations. 
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5.3 RESULTS AND DISCUSSION 
5.3.1 SYNTHESIS 
 
DTPA-chitosan-silica and EGTA-chitosan-silica were successfully synthesized. 
The hypothesis was that immobilization of these ligands on a matrix of chitosan-
silica material would result in particles that show a high selectivity for scandium. 
Immobilization of the functional groups proceeded by an amide reaction with the 
free available amino groups on the chitosan moieties of the hybrid particles. The 
resulting structure is shown in Scheme 6. Both sorbents appeared as white powders. 
 
 
Scheme 6: Chemical structure of chitosan-silica, functionalized with DTPA or EGTA. 
A summary of the characterization results (obtained mass, FTIR and CHN) is 
given in Table 11. From these results, the hybridization and functionalization of the 
chitosan-silica matrix was confirmed. In the chitosan-silica hybrid materials, the 
ratio organic:inorganic is approximately 1:4. By functionalization with organic 
ligands, the share of the organic component increases. From the respective values, 
it was concluded that the degree of functionalization was slightly higher for DTPA-
chitosan-silica, compared to EGTA-chitosan-silica, which may be explained by the 
different functionalization procedure. Immobilization with DTPA was achieved 
by synthesizing DTPABA as an intermediate product. With EGTA, the carboxylic 
acid functional groups were activated by making use of the crosslinking agent 
EDC.  
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Table 11: Summary of characterization results for pure chitosan-silica, DTPA-functionalized 
chitosan-silica and EGTA-functionalized chitosan-silica 
Material 
Mass 
yield 
(g) 
Characteristic 
peak wavelengths 
(cm-1) 
Peak assignment % C 
% 
organici 
CS 
10.2 
± 0.8 
3366 (broad band) O-H + N-H stretch 8.09 
± 0.06 
20.1 
1069 Si-O-Si stretch 
DTPA-
CS 
9.5 
± 0.5 
3366 (broad band) O-H + N-H stretch 
11.85 
± 0.21 
29.5 
1636 C=O stretch amide 
1397 s. vibration COO- 
1065 Si-O-Si stretch 
EGTA-
CS 
7.5  
± 0.5 
3284 (broad band) O-H + N-H stretch 
11.02 
± 0.06 
27.4 
1636 C=O stretch amide 
1376 s. vibration COO- 
1071 Si-O-Si stretch 
i From the % C in the chitosan starting product (40.19%), an estimate can be made for the share 
of the organic component in the hybrid particles. 
 
5.3.2 KINETICS 
 
The kinetics of scandium adsorption were investigated with DTPA-chitosan-silica 
and EGTA-chitosan-silica in single-element nitrate solutions of scandium, with 
contact times ranging from 5 to 360 min (Figure 26). Equilibrium was reached after 
120 min, characterized by the beginning of a plateau in the adsorption curve. The 
plateau value corresponded for DTPA-chitosan-silica to an adsorption amount of 
0.20 mmol Sc(III) per gram of sorbent material. This appears to be a low value, 
but corresponds to 100% recovery of the scandium ions present in the aqueous 
solution. The initial aqueous feed contains 0.50 mM of scandium ions, which 
approaches the low concentration of scandium in diluted leachates of bauxite 
residue. For EGTA-chitosan-silica only 75% of the scandium present was 
adsorbed (0.15 mmol Sc(III) per gram of sorbent material). The lower adsorption 
amount for EGTA-chitosan-silica can be explained by the lower degree of 
functionalization, compared to DTPA-chitosan-silica (Table 11). Optimization of 
the synthesis procedure could improve this. In order to fully ensure equilibrium 
conditions before analyzing the residual concentration, all the following 
experiments were performed for an equilibration time of 240 min (4 h). 
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Figure 26: Kinetics experiment. Sc(III) adsorption with DTPA-chitosan-silica and EGTA-
chitosan-silica. Experimental conditions: mads = 25.0 mg, V = 10.0 mL, cin = 0.50 mM, 
pHeq = 2.02.  
 
5.3.3 INFLUENCE OF pH 
 
Adsorption was investigated as a function of the equilibrium pH. The pH is an 
important parameter for adsorption, as it determines protonation and 
deprotonation of the functional groups immobilized on the sorbent, and thus the 
mechanism of ion exchange and chelation. The influence of the equilibrium pH 
was investigated in single-element solutions of Sc(III) and Fe(III). In first instance, 
only DTPA-chitosan-silica was considered (Figure 27). When interpreting these 
data, one has to pay attention to the fact that both metal ions are prone to 
hydrolysis. As a consequence, insoluble Fe(OH)3 and Sc(OH)3 compounds are 
formed when increasing the pH. Since the adsorption amount is in principle 
calculated from the residual concentration of the aqueous phase at equilibrium, 
one could make the wrong assumption that all metal ions removed from solution 
are effectively adsorbed. From the respective solubility product constants 
(Ksp(Fe(OH)3 = 2.79×10-39, and Ksp(Sc(OH)3) = 2.22×10-31)232 and the metal ion 
concentration (0.50 mM), the theoretical pH at which precipitation occurs was 
calculated. This resulted in a value of 2.25 for Fe(III) and 4.88 for Sc(III). At higher 
pH values, one has to take into account precipitation as a phenomenon competing 
with adsorption in the removal of the corresponding metal ions from solution. 
Recovery of scandium 
 
97 
0 1 2 3 4 5
0
20
40
60
80
100
Sc(III) precipitation
 Fe(III)
 Sc(III)
M
e
ta
l i
o
n
 
re
m
o
va
l (%
)
Equilibrium pH
Fe(III) precipitation
 
 
 
Figure 27: Influence of the equilibrium pH on the removal of Fe(III) and Sc(III) ions from single-
element solutions in the presence of DTPA-chitosan-silica. The vertical dashed lines indicate the 
respective pH values at which precipitation of Fe(III) and Sc(III) occurs because of hydrolysis. 
Experimental conditions: mads = 25.0 mg, V = 10.0 mL, cin = 0.50 mM, contact time = 4 h. 
The main challenge for the isolation of pure scandium from leachates of bauxite 
residue is to obtain selectivity for scandium especially compared to iron. Both 
elements behave chemically very similarly and it is therefore difficult to mutually 
separate them from a matrix of lots of other elements, like calcium, silicon and 
titanium. Moreover, the concentration of iron in the leachates from bauxite residue 
is usually much higher than that of scandium. From Figure 27 it is evident that the 
affinity of DTPA-chitosan-silica is high for both Fe(III) and Sc(III). Both metal 
ions are (almost) fully adsorbed. We can assume that the metal ions are adsorbed 
because the plateau value is already reached at pH 1.50, which is below the pH 
range at which iron or scandium precipitates by hydrolysis reactions. It is further 
observed that the adsorption of Fe(III) starts at lower pH in comparison with 
Sc(III). This indicates a higher affinity for Fe(III), compared to Sc(III). 
 
5.3.4 HYDROLYSIS 
 
One could think of pH variation as a way to separate Fe(III) and Sc(III) since 
hydrolysis occurs at lower pH values for Fe(III) in comparison with Sc(III).232 
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Precipitation of Fe(III) and Sc(III) was therefore investigated as a function of the 
equilibrium pH in an equimolar (caq = 0.50 mM), binary solution of Fe(III) and 
Sc(III) (Figure 28). Although significant precipitation (> 50 %) is observed for 
Fe(III) at lower pH values compared to Sc(III), it appears that co-precipitation of 
scandium occurs as well. 
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Figure 28: Investigation of Fe(OH)3 and Sc(OH)3 precipitation as a consequence of hydrolysis. 
The amount of precipitation is presented as a function of the equilibrium pH. The vertical dashed 
lines indicate the respective pH values at which precipitation of Fe(III) and Sc(III) theoretically 
occurs because of hydrolysis. Experimental conditions: V = 10.0 mL, ci = 0.50 mM. 
Although at pH 3.50 almost four times more Fe(III) is precipitated compared to 
the amount of Sc(III), the 20% loss of scandium is not acceptable, taking into 
account its high economical value. Moreover, in real leachates of bauxite residue, 
the relative amount of iron is significantly larger than that of scandium. It is 
therefore expected that also the amount of scandium co-precipitation would be 
significantly higher in real samples (if not 100%). This method was therefore not 
considered appropriate in the search for a method to isolate scandium efficiently 
from leachates of bauxite residue. Also the possibilities of adding reducing agents 
(like zinc powder or sodium sulfite), or varying the counter anion (like sulfate or 
chloride) were investigated, but none of these methods were found to be useful. 
These observations only convinced us more of the hypothesis that an intrinsically 
selective adsorbent must provide the solution. 
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5.3.5 SELECTIVITY EXPERIMENT 
 
Variation of the functional group immobilized on the chitosan-silica particles 
appeared to be a more successful strategy to obtain scandium selectivity. Since 
DTPA had already been proven to be a very efficient chelating molecule for rare 
earths, the functionalization of the chitosan-silica resin with DTPA groups was 
tested first as regards its selectivity for scandium.196 However, as was concluded 
from Figure 28, the affinity of DTPA-functionalized particles was higher for Fe(III) 
compared to Sc(III). This is a consequence of the corresponding stability constants 
between DTPA and Fe(III) or Sc(III), respectively (Table 2, Chapter 1, §2.3). By 
closer inspection of different organic ligands and their corresponding stability 
constants with Sc(III) and Fe(III), one can see that EGTA has a remarkably higher 
affinity for Sc(III) compared to Fe(III), a difference of factor 105. The opposite is 
true for DTPA. Although DTPA has a high stability constant with Sc(III) (log K 
= 26.3), the stability constant with Fe(III) is even higher (log K = 27.3). 
 
To confirm the hypothesis that EGTA-chitosan-silica is more suited to separate 
Sc(III) from Fe(III) (and the other elements present in the leachate), the selectivity 
of both ligands was investigated from a binary solution of Fe(III) and Sc(III) (caq 
= 0.50 mM for each metal ion). In Figure 29, the metal ion removal is presented as 
a function of the equilibrium pH for both DTPA-chitosan-silica (a) and EGTA-
chitosan-silica (b), to be able to compare the adsorption behaviour of both 
sorbents. It becomes clear that the selectivity is reversed by switching from DTPA 
to EGTA as chelating ligand. With EGTA-chitosan-silica, we are able to reach 
maximal adsorption for Sc(III) at pH 1.25, at which yet no Fe(III) is adsorbed at 
all. This high difference in selectivity is quite remarkable for two such chemically 
similar elements and could not be obtained with DTPA-chitosan-silica. Not only 
did DTPA-chitosan-silica show a higher affinity for Fe(III) compared to Sc(III), 
also the affinity profiles were much more similar. This is a consequence of the 
small difference (factor 10) between the corresponding stability constants (Table 2, 
Chapter 1, §2.3).158 At pH 1.50, no Fe(III) is adsorbed by EGTA-chitosan-silica, yet 
80% of the Sc(III) ions are adsorbed from the aqueous solution(Figure 29b). This 
remarkably higher affinity for scandium can be exploited in a column 
chromatography set-up to separate scandium from the other components present 
in a leachate of bauxite residue. 
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Figure 29: Metal ion removal from a binary, equimolar solution of Fe(III) and Sc(III) in the 
presence of DTPA-chitosan-silica (a) or EGTA-chitosan-silica (b). The vertical dashed line 
indicates the pH at which precipitation of Fe(III) occurs because of hydrolysis. Experimental 
conditions: mads = 25.0 mg; V = 10 mL; ci = 0.50 mM; adsorption time = 4 h. 
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5.3.6 REUSABILITY 
 
After adsorption of metal ions from solution, stripping of the immobilized ions is 
required for further processing and regeneration of the sorbent. No concentrated 
acid or solutions of strongly chelating agents were necessary to desorb strongly 
immobilized Sc(III) ions from EGTA-chitosan-silica. By simply contacting the 
loaded particles with a HNO3 solution, 100% stripping was observed for HNO3 
concentrations higher than 0.75 M. The reusability was investigated for EGTA-
chitosan-silica by repeating the adsorption/desorption cycle seven times. The 
resulting adsorption values were each time compared with the adsorption amount 
in the first cycle to determine the adsorption efficiency (Figure 30). The adsorption 
efficiency decreased with about 10% in the second adsorption cycle. This is 
probably due to partial hydrolysis of the immobilized EGTA groups by the acid 
used in the first stripping step. The residual capacity remained quite constant. After 
the 7th adsorption cycle, the adsorption efficiency was still 90%. The (minimal) 
decreases observed after the second cycle could more likely be attributed to 
physical losses because of the manual handlings during consecutive 
adsorption/desorption cycles, rather than to physical or chemical damage to the 
particles because of the stripping treatment, as it is expected that all loosely bound 
EGTA-ligands have been hydrolyzed during the first stripping step. 
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Figure 30: Reusability of EGTA-chitosan-silica. Adsorption from an aqueous solution of 
Sc(NO3)3. Stripping with 1.0 M HNO3 (10 mL). Experimental conditions: mads = 25.0 mg; 
V = 10 mL; ci = 0.50 mM; adsorption time = 4 h; stripping time = 1 h. 
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5.3.7 COLUMN SEPARATION EXPERIMENTS 
 
The higher the affinity of a given metal ion for a functionalized resin, the slower 
the migration through the chromatography column. The isolation of scandium was 
investigated by the principle of chelating ion-exchange chromatography with 
EGTA-chitosan-silica as resin material in an MPLC-set-up. A bauxite residue 
leachate sample was added on top of the column, pre-equilibrated at a pH of 1.50, 
just like the leachate. The amount of scandium in the leachate (2 ppm) is at least 
50 times lower than that of each of the major elements, like iron (106 ppm) (Table 
10). Elution with aqueous solutions of HNO3 (at a flow rate of 40 mL/h) then 
enabled the collection of distinct fractions of metal ions in the order of affinity for 
the resin material. A decreasing pH gradient was applied (from pH 2.00 to pH 
0.00) in order to induce consecutive desorption of the distinct complexed metal 
ions. The resulting chromatogram (metal ion concentration as a function of elution 
volume) is presented in Figure 31. 
 
Figure 31: Chromatogram of scandium separation from a bauxite residue leachate by chelating 
ion-exchange chromatography with EGTA-chitosan-silica as resin material and a decreasing pH 
gradient. The metal concentration is presented as a function of the elution volume. ΣLn comprises 
all lanthanide elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu). 
The dotted line represents the pH of the distinct fractions (right axis). 
Peaks dropping after the first few fractions are explained by the fact that the pH 
gradient started from pH 2.00, while the column was set before at a lower pH of 
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1.50. Given the high affinity for Sc(III), it is observed that the peak of Sc(III) is 
located after 150 mL, corresponding to an elution pH of 0.50, at which most of 
the other elements have eluted already. Moreover, the big difference between 
scandium and the lanthanides is remarkable. The lower affinity of the resin for the 
lanthanides can be explained by the lower stability constant between EGTA and 
the lanthanides compared to scandium. Further it has to be noted that the desorbed 
scandium fractions still contain titanium and silicon impurities. Nevertheless, the 
largest fractions of these ions have eluted earlier. The highest breakthrough peaks 
of Ti(IV) and Si(IV) are situated around a pH value of 0.80 already. These 
observations indicated that a better separation could be obtained by optimization 
of the experimental conditions. Possibilities to improve the separation include a 
slower decreasing pH gradient, a lower flow rate, a longer column and the 
consideration of other types of eluents. 
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Figure 32: Optimized isolation of scandium from a bauxite residue leachate by chelating ion-
exchange chromatography with EGTA-chitosan-silica as resin material and a decreasing pH 
gradient. The cumulative breakthrough of the distinct metals is presented as a function of the 
elution volume. ΣLn comprises all lanthanide elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, 
Ho, Er, Tm, Yb, and Lu). The dotted line represents the pH of the distinct fractions (right 
axis). 
A second column experiment was performed by just changing the pH gradient and 
the flow rate (to 30 mL/h). The same column (with equal amounts of the same 
material) was used as in the first experiment. Elution was immediately started from 
pH 1.50 and more fractions were collected before eluting with pH 0.50 to strip off 
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scandium from the column. The resulting chromatogram is presented in Figure 32. 
In this figure, unlike Figure 31, the breakthrough of the different metal ions is 
presented in a different way for the sake of clarity. To be able to compare the 
behaviour of scandium to the major elements (the latter presented in significantly 
higher concentrations in the leachate) the breakthrough is better presented as a 
percentage of the initial concentration, in a cumulative way (adding up from 0 to 
100%) as a function of elution volume. A sudden pH increase is observed during 
column loading. This can probably be attributed to an increase of the ionic strength 
of the column.233 Next to that, the effect of the experimental optimization becomes 
very clear from Figure 32. By going faster to lower pH values, all elements, except 
for scandium, start to elute at lower elution volumes. Moreover, elution at pH 
values between 1.00 and 0.50 was maintained for a longer time. This enabled the 
elution of iron, titanium and silicon from the column before scandium was stripped 
from the column at pH 0.50, in only two fractions. In the first fraction, residual 
amounts of contaminating metal ions were present, so the purity was below 50%. 
The last fraction consisted of only scandium in a nearly quantitative purity. Thanks 
to the high affinity of EGTA-chitosan-silica for scandium, we managed to separate 
it from a real leachate of bauxite residue in only one simple chromatography cycle, 
with a high recovery rate (about 25 bed volumes). To the best of our knowledge, 
a higher selectivity for scandium has not been reported before. Process 
development could further improve the purity of the isolated scandium fractions. 
By evaporation, the obtained scandium solution could be concentrated for further 
processing, including the conversion to scandium oxide. 
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5.4 CONCLUSIONS 
Functionalization of chitosan-silica particles with EGTA groups resulted in a 
hybrid material with an exceptionally high adsorption affinity for scandium, 
significantly higher than that of a similar hybrid material, functionalized with 
DTPA groups. The high selectivity for scandium was confirmed in equimolar, 
binary solutions of Sc(III) and Fe(III) and eventually exploited to separate 
scandium from the other components (mainly iron, titanium and silicon) present 
in a HNO3 leachate of Greek bauxite residue. Scandium was isolated from the 
other elements by chelating ion-exchange chromatography, by applying a 
decreasing pH gradient with aqueous solutions of HNO3. Scandium broke through 
the column at a pH of 0.50, a much lower value than the ones observed for the 
other metal ions present in the leachate. This allowed to strip (nearly pure) 
scandium from the column with a high recovery rate. 
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This chapter has been submitted for publication. A revised version is currently 
under review: 
 
J. Roosen, S. Mullens, K. Binnemans, “Chemical immobilization of 8-
hydroxyquinoline and 8-hydroxyquinaldine on chitosan-silica adsorbent materials 
for the selective recovery of gallium from Bayer liquor”. 
 
All experimental work as well as the writing was performed by the author of this 
thesis. 
 
 
 
GRAPHICAL ABSTRACT 
 
 
 
 
Chitosan-silica hybrid sorbent materials were chemically immobilized with 8-hydroxyquinoline 
and 8-hydroxyquinaldine and used to study the recovery of gallium from the highly alkaline 
aluminosilicate matrix in spent Bayer liquor. 
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ABSTRACT 
 
 
Ion exchange is a widely used technique for the recovery of gallium from Bayer 
liquor of the alumina industry. However, development of cheap, selective, reusable 
and environmentally friendly resin materials is essential. Novel resins must be 
resistant to both the highly alkaline environment of Bayer liquor and the acidic 
media used for stripping. In this study, chitosan was combined with silica. The 
hybrid adsorbent matrix was chemically immobilized with the organic ligands 8-
hydroxyquinoline (8-HQO) and 8-hydroxyquinaldine (8-HQA), the latter being 
the C2-methylated analogue of the former. Adsorption of Ga(III) and Al(III) by 
chitosan-silica functionalized with 8-HQO and 8-HQA was studied as a function 
of several parameters (kinetics, adsorption capacity, pH and temperature) to 
determine the conditions to get the highest selectivity for uptake of gallium. With 
the 8-HQA-functionalized adsorbent, selective desorption of the loaded metal ions 
by sulfuric acid resulted in a better Ga(III)/Al(III) separation, in comparison with 
the 8-HQO-functionalized adsorbent. In contrast to the resins that are currently 
in use, no significant loss in Ga(III) loading was observed after seven consecutive 
alkaline adsorption and acidic desorption cycles. Hence, we were able to separate 
Ga(III) from a synthetic Bayer solution by chelating ion-exchange chromatography 
with 8-HQA-functionalized chitosan-silica as the stationary phase. The studied 
adsorbents are thus promising resin materials to make gallium recovery from Bayer 
liquor of lower environmental impact and less expensive by significantly decreasing 
the resin cost. 
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6.1 INTRODUCTION 
6.1.1 GENERAL 
 
Gallium is a highly valuable element useful in a range of semiconductor 
applications, like integrated circuits, optoelectronics (lasers and light-emitting 
diodes), photovoltaic solar cells, etc.28 Given that gallium is mainly used in green-
tech applications, it can be predicted that the demand for gallium will continue to 
grow in the future. The increasing demand for gallium is associated with an 
increasing supply risk.6 No exploitable mines of gallium exist and therefore, it is 
exclusively produced as a minor element from the primary production of other 
materials. Major sources for gallium include process streams of the alumina 
production (Bayer liquor), zinc processing, flue dusts and some ores containing up 
to 200 g/t of gallium.30,31,33 In order to ensure a stable supply, it is crucial to develop 
cheap, efficient and environmentally friendly technologies and materials to 
produce gallium. 
 
Bayer liquor, the highly alkaline sodium aluminate solution that originates from the 
production of alumina from bauxite by the Bayer process, constitutes the largest 
primary source of gallium.29 However, the process for recovery of gallium from 
Bayer liquor is very expensive, inefficient, and environmentally unfriendly, due to 
the high consumption of chemicals and contamination of waste water with 
organics.32 To recover gallium from spent Bayer liquor, i.e. the liquid generated 
after precipitation of alumina in the Bayer process, small amounts of gallium (100-
300 mg L-1) must be separated from a large quantity of chemically similar 
aluminium (30-60 g L-1).234 These elements are present as Ga(OH)4- and Al(OH)4- 
in the roughly 3−6 mol L-1 NaOH Bayer solutions.32 The composition of a typical 
Bayer liquor is given in the reference by Zhao et al.235 There are four main routes 
to recover gallium from spent Bayer liquor: (1) fractional precipitation, (2) 
electrochemical reduction, (3) solvent extraction, and (4) ion exchange, with the 
latter two being the most interesting approaches.236 Recovery of gallium by solvent 
extraction has been investigated extensively.29,33,232-234 It is generally accepted that 
Kelex® 100 and Lix® 26, with alkylated derivatives of 8-hydroxyquinoline as the 
active component, are the only commercially available extractants suited for the 
recovery of gallium from highly alkaline solutions.237 Although a solvent extraction 
procedure with Kelex® 100 (7-(4-ethyl-1-methyloctyl)-8-hydroxyquinoline) was 
patented in the 1980s, the technique is currently not implemented in 
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industry.32,236,238 The main reasons for this are: (1) the poor selectivity for gallium 
over aluminium and sodium, necessitating an extra scrubbing step, (2) reagent loss, 
due to the solubility of the extractant in the aqueous phase, and (3) the slow kinetics 
of the overall process.32,231,233 
 
Ion exchange is a more suitable technology for the recovery of low concentrations 
of (valuable) metals from large volumes of aqueous process streams.131,165 
Compared to other separation methods, a higher yield and selectivity can be 
obtained by ion exchange, explaining why it is the most popular hydrometallurgical 
separation method for gallium recovery from spent Bayer liquor.32 Also 
contamination of the aqueous phase with organic extractant can be avoided by 
using solid-state resin materials. This, in combination with less energy 
consumption, leads to a more sustainable process. Energy savings mainly arise 
from the fact that ion-exchange processes can be performed in simple, single-stage 
operations, whereas solvent-extraction processes generally consist of complex, 
multi-stage cascades of energy-consuming mixer-settlers. Moreover, ion exchange 
has minimal effects on the main alumina processing and can thus be easily 
integrated in the flowsheet of the Bayer process. 
 
6.1.2 GALLIUM SEPARATION BY ION EXCHANGE 
 
In general, two types of industrial resins are used for the recovery of gallium from 
Bayer liquor: resins with an amidoxime functional group, e.g. Duolite ES-346/345, 
and resins that are impregnated with derivatives of 8-hydroxyquinoline (8-HQO), 
mostly Kelex® 100.235,239-241 The chemical structures of both types are compared in 
Scheme 7. Specific drawbacks are related to both types of resin materials. 
Amidoxime resins are not stable in acidic environment, due to degradation of the 
amidoxime groups.242 Two possible degradation reactions are represented in Scheme 
8. As a result of these transformations, the loading capacity of the resin is 
significantly reduced with each regeneration, even when stripping is performed 
with dilute acids.240 Moreover, amidoxime resins are easily poisoned by strongly 
coordinating vanadium ions, which are typically present in Bayer liquor.235 
Vanadium poisoning is not the case for resins impregnated with Kelex® 100, but 
these resins also suffer from degradation during prolonged use for extraction from 
Bayer solutions. Here, degradation is due to the solubility of the extractant in the 
aqueous phase – an issue usually related to solvent extraction.29 In the resins that 
are impregnated with Kelex® 100, extractant loss occurs because the extractant is 
merely bound to the resin matrix by physical or chemical interactions, which are 
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much weaker than covalent bonds.241 Moreover, Kelex® 100 can be prepared only 
via a multi-step synthesis and is thus very expensive. Hence, regular replacement 
of the deteriorated resin material has a significant impact on the process cost. 
Therefore, the challenge to address in the field of gallium production comprises 
the development of a reusable, low-cost resin that shows a high selectivity for 
gallium compared to aluminium. The resin must be resistant to highly alkaline 
environments, not degrade during acidic stripping, and not get contaminated with 
other compounds present in the liquor. 
 
C
NH2N
OH
n
Duolite ES-345
N
OH
Kelex 100  
Scheme 7: Comparison of the chemical structures of a resin with an amidoxime group (left) and 
derivatives of 8-hydroxyquinoline, like the Kelex® 100 extractant (right). 
 
 
Scheme 8: Two possible degradation reactions of amidoxime groups in acidic environment. 
Reaction (b) requires more acidic conditions than reaction (a). 
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In previous chapters, it was shown that functionalized chitosan-silica is well suited 
to recover and separate metal ions from aqueous solutions by adsorption.21,214 
Chitosan is a linear biopolymer which is easily derived from seafood waste.104,105,227 
Its low cost, abundant availability, biocompatibility, biodegradability, non-toxicity, 
and convenient modification possibilities make chitosan an interesting material for 
various applications, including adsorption of metals.104,105,129,164,166,227 Hybridization 
with silica improves the mechanical strength, porosity and chemical resistance of 
the resulting material.128,214,229 By covalent attachment of selective extractants on 
the chitosan-silica (CS) matrix, a stable, reusable and sustainable material can be 
obtained, in contrast with impregnated resins, in which the active components are 
bonded by secondary interactions. In addition to the longer lifetime of the resin, 
which significantly reduces the process cost, another advantage of chemical 
immobilization arises from the fact that the aqueous phase is no longer 
contaminated by organic molecules. Hence, the main alumina production process 
is less interfered when circulating the spent liquor back in the Bayer process. In 
the selection of an appropriate extractant, attention must be paid to degradation. 
In contrast to amidoxime, derivatives of 8-HQO are composed of aromatic 
structures, which are not sensitive to hydrolysis in acidic, nor alkaline environment. 
Vanadium co-extraction is avoided as well when using derivatives of 8-
hydroxyquinoline. 
 
In terms of cost reduction, one may decide not to immobilize the specific and 
sophisticated extractant Kelex® 100, but the much cheaper base material 8-HQO, 
which is basically the precursor and active (complexing) component of Kelex® 100. 
It is reported that the branched alkyl group on the oxine function in Kelex® 100 is 
in principle to enhance the solubility of the extractant and the extracted complexes 
in non-polar, organic media,243 but this is not required for an ion-exchange resin. 
To impregnate polystyrene resins with chelating extractants, the hydrophobic 
substituent is useful as well, albeit no longer relevant when the extractant is 
immobilized by covalent bonds. On the other hand, some studies claim that the 
branched alkyl substituent on the C7-position of the quinoline ring in Kelex® 100 
might additionally cause steric hindrance during metal complexation.244 As a result, 
interactions between alkylated derivatives of 8-HQO and the smaller Al(III) ion 
are said to be less stable in comparison with the larger Ga(III) ion.245,246 However, 
Scherer and Fernando pointed out that this may be due how well the ligand itself 
abstracts coordinated water molecules from the hydrated metal ion before ligand 
coordination, i.e. better for the larger Ga3+ ion, less so for the smaller Al3+ ion.247 
They based this premise on the fact that they were able to precipitate complexes 
of Al(III)-8-HQA in non-aqueous solvents and that the reason that Al(III) does 
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not complex with 8-HQA in aqueous solution may not just be about steric 
hindrance. In conclusion, the allegedly more selective effect of an alkyl substituent 
on 8-HQO that is immobilized on an solid matrix is not clear from the literature 
and needs further investigation. Therefore, both the native and the C2-methylated 
derivative of 8-HQO, 8-hydroxyquinaldine (8-HQA), were covalently attached on 
a CS hybrid polymer matrix. Both adsorbents were compared in terms of their 
adsorption performance towards Ga(III) from alkaline environment. 
 
6.1.3 OBJECTIVES 
 
In this work, we discuss the recovery of gallium from Bayer liquor by adsorption 
on functionalized CS materials. These are obtained by chemical immobilization of 
the organic ligands 8-HQO and 8-HQA on the CS matrix. A comparative study 
between both adsorbent materials is performed in batch mode as a function of 
different parameters: contact time, pH, capacity and temperature. Adsorption 
performance and selectivity for Ga(III) are investigated from alkaline, single-
element solutions and synthetic mixtures of Ga(III) and Al(III) in NaOH, 
respectively. The reusability of the functionalized CS particles is studied as well. 
Finally, the actual separation of Ga(III) from synthetic Bayer liquor is examined by 
the principle of chelating ion-exchange chromatography with 8-HQA-CS as the 
stationary phase.  
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6.2 EXPERIMENTAL 
6.2.1 CHEMICALS 
 
Chitosan (≥ 99.0% pure) was purchased from Sigma-Aldrich (Diegem, Belgium), 
tetraethyl orthosilicate (TEOS, ≥ 99.0% pure) from Merck KGaA (Darmstadt, 
Germany), 8-hydroxyquinoline (analytical reagent, AnalaR NORMAPUR®), 
sodium carbonate anhydrous and sodium sulfate from VWR Prolabo BDH 
(Leuven, Belgium), acetic acid (100%) and sodium hydroxide (> 97.0%) from 
VWR International (Leuven, Belgium), 2-methyl-8-quinolinol (8-
hydroxyquinaldine, 98%) from J&K Scientific GmbH (Pforzheim, Germany), 
sodium aluminate (general purpose grade) from Fisher Scientific UK 
(Leicestershire, UK), gallium(III) oxide, (99.99+ %), aluminium powder (200 
mesh, 99%), gallium metal (99.99% trace metal basis), sodium acetate, (anhydrous, 
reagent ACS) and hydrochloric acid (fuming, 37% solution in water) from Acros 
Organics (Geel, Belgium), aluminium hydroxide hydrate, α form (99.99%, 1.5 
micron) and gallium(III) sulfate hydrate (Puratronic®, 99.999%) from Alfa Aesar, 
Johnson Matthey GmbH (Karlsruhe, Germany), ethanol (Disinfectol®, 
denaturated with up to 5% ether), ammonia (25 wt%), n-heptane (99+%), nitric 
acid (65+%) and copper, gallium, aluminium and silicon standard solutions for 
ICP (1000 µg/mL, Plasma HIQU) from Chem-Lab (Zedelgem, Belgium), 
formaldehyde solution (min. 36.5% purity, p.a., reag. ACS, stabilized) from Riedel-
de Haën (Diegem, Belgium) and a Serva silicone solution in isopropanol from 
SERVA Electophoresis GmbH (Heidelberg, Germany). All chemicals were used 
as received without further purification. Water was always of ultrapure quality, 
deionized to a resistivity of 18.2 MΩ·cm with a Sartorius Arium Pro ultrapure 
water system. 
 
6.2.2 EQUIPMENT AND ANALYSIS 
 
Centrifugation was done by an Eppendorf 5804 centrifuge. pH measurements 
were performed using a Mettler-Toledo SevenCompact pH meter combined with 
a Hamilton Slimtrode pH-electrode. FTIR spectra were recorded on a Bruker 
Vertex 70 spectrometer (Bruker Optics), equipped with a Platinum ATR single 
reflection diamond attenuated total reflection (ATR) accessory. The CHN (carbon, 
hydrogen, nitrogen) elemental analyses were obtained with the aid of a Thermo 
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Scientific Interscience Flash 2000 Elemental analyser. Metal ion concentrations on 
single-element Ga(III) solutions were determined by total-reflection X-ray 
fluorescence (TXRF) on a Bruker S2 Picofox TXRF spectrometer. The sample 
preparation consisted of mixing the sample (500 µL) in an Eppendorf tube with a 
copper standard solution (1000 mg L-1, 100 µL) in a solution of ammonia (25 w%, 
400 µL) and stirring. 5 µL of the prepared solution was put on a small quartz plate, 
pre-coated with a hydrophobic silicone solution (about 10 µL), and dried in an 
oven at 60 °C. Solutions containing aluminium were analyzed by ICP-OES, with a 
Perkin Elmer Optima 8300 spectrometer, equipped with an axial/radial dual 
plasma view, a GemTip Cross-Flow II nebulizer, a Scott double pass with inert 
Ryton® spray chamber and a demountable one-piece quartz torch with a 2.0 mm 
internal diameter alumina injector tube. Aluminium was measured radially at 
wavelength 396.164 nm, gallium axially at wavelength 417.206 nm. Samples, 
calibration solutions and quality controls were diluted in HNO3 (2 vol%): strip 
solutions 10-fold, synthetic adsorption solutions 20-fold, Bayer solutions 1000-
fold. Each ICP sample was measured in triplicate. The MPLC chromatography 
separation set-up was composed of a Büchi chromatography pump B-688, to 
control the pressure and the eluent flow, and a glass Büchi BOROSILIKAT 3.3 
column tube, N° 17988 with dimensions 9.6 mm × 115 mm (bed volume = 8.3 
mL). Separated compounds were collected with the aid of a Büchi Automatic 
Fraction Collector B-684. The fractions were monitored by ex-situ ICP analysis. 
 
6.2.3 SYNTHESIS 
 
Chitosan-silica hybrid materials were made according to the in-situ Stöber based 
method, as described previously.214 Basically, TEOS (60 mL) was mixed with 
chitosan (4.00 g) dissolved in an acetic acid solution (2 vol%, 200 mL), and stirred 
for ½ h. Then, this suspension was poured into a solution of NH3 (3 vol%, 400 
mL) and stirred for 24 h. Hybrid particles were filtrated, washed and dried. A white 
powder was obtained. Yield: 27.14 g. Compared to the reported procedure, double 
amounts were used here, which resulted in a relatively higher yield. 
 
The chitosan-silica polymer networks were then functionalized with 8-HQO and 
8-HQA, respectively, both according to the same procedure, based on a published 
method to prepare silica-immobilized 8-quinolinol and involving a one-step 
Mannich reaction.248 CS particles were weighed (7.50 g) and added to a mixture of 
ethanol (400 mL), 8-HQO/8-HQA (10.00 g) and formaldehyde solution (10 mL, 
36.5%). The immobilization reaction in the mixture occurred by reflux at 50 °C in 
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a flask for 3 days. The quinolinol derivatives were filtered and washed with ethanol 
(three times) and dry diethyl ether (three times) to remove traces of non-reacted 
quinoline. The solid material was ready for use after washing with HCl (1.0 M, 500 
mL), water (500 mL) to remove HCl, and ethanol. During the first (acidic) washing 
step, the colour changed from off-white/beige to light green in the case of 8-
HQO-CS and light yellow in the case of 8-HQA-CS (Figure 33). 
 
 
Figure 33: Pictures of non-functionalized CS (left) and CS functionalized with HQA (middle) 
and 8-HQO (right). 
After drying the powder to the air overnight, drying was completed in a vacuum 
oven at 40 °C for 2 h. Yield: 6.80 g (8-HQO-CS) and 5.74 g (8-HQA-CS), 
respectively. The chemical structures of 8-HQO-CS and 8-HQA-CS are shown in 
Scheme 9. 
 
 
Scheme 9: Chemical structure of chitosan-silica functionalized with 8-HQO (X = H) and 8-
HQA (X = CH3), respectively 
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6.2.4 METAL SOLUTIONS 
 
A single-element Ga(III) solution was made from the corresponding sulfate salt, 
Ga2(SO4)3·x H2O. With NaOH (1.0 M), the pH was brought to a value of 12.50 
(± 0.01). The stock solution had a concentration of 25.0 mM (1750 mg·L-1). A 
synthetic mixture of Al(III) and Ga(III) was made by dissolving Al(OH)3·H2O and 
Ga2O3 in NaOH (2.5 M) at 100 °C for 24 h. After preparation, the blurred solution 
was centrifuged at 4800 rpm for 10 min to remove traces of non-dissolved 
particles. The solution had an Al(III) concentration of 20.0 mM (540 mg L-1) and 
a Ga(III) concentration of 6.0 mM (418 mg L-1). An industrial recipe was followed 
for the synthesis of a synthetic Bayer liquor sample, used in this study as a model 
system for real spent liquor (Molycorp, personal communication, March 24, 2016). The 
sample was composed of Ga metal and Al metal, both dissolved in a mixture of 
caustic soda (free NaOH), NaOH associated with Al as NaAlO2, Na2CO3 and 
Na2SO4. Sodium acetate was added to represent all organic compounds in the real 
liquor. The metals were dissolved by stirring at 85 °C for 48 h. Also here, any 
residue present was separated from the liquor by centrifugation at 4800 rpm for 30 
min. The total metal ion content was measured to be 1.3 M (35.0 g L-1) for Al(III) 
and 2.0 mM (140 mg·L-1) for Ga(III). Given the scope of this work to investigate 
the selectivity of the functionalized adsorbent materials for Ga(III) over Al(III), 
concentrations of the other impurities were not further considered. 
 
6.2.5 ADSORPTION STUDY 
 
The use of chitosan-silica materials functionalized with 8-HQO and 8-HQA was 
investigated for the recovery of gallium from alkaline Bayer liquor. The following 
parameters were studied by adsorption from alkaline, single-element Ga(III) 
solutions: kinetics, capacity, pH and temperature. Adsorption experiments were 
conducted in batch mode. For each experiment, aliquots of the stock solution were 
properly diluted to a final volume of 10.0 mL. HCl (1.0 M) or NaOH (0.1 M) was 
added to decrease or increase the pH, respectively. Functionalized adsorbent 
particles were then added to the vials. Solutions were stirred at room temperature 
with a magnetic stirring bar at 300 rpm for 6 h, unless stated otherwise. Next, the 
particles were separated from the aqueous solution by filtration, making use of a 
regenerated cellulose syringe filter with a pore size of 0.45 µm. The remaining metal 
ion concentration of the aqueous solution was measured by TXRF or ICP. The 
amount of metal ions adsorbed onto the chitosan-silica particles was then 
determined using Equation 4 (Chapter 1, §2.5). 
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6.2.6 SELECTIVE RECOVERY 
 
The adsorption selectivity for Ga(III) over Al(III) was investigated for both 8-
HQO and 8-HQA chitosan-silica material. A certain amount of adsorbent (50.0 
mg) was contacted sequentially with a fresh mixture feed of Al(III) and Ga(III) 
(1000 µL) and shaken for 2 h at room temperature. After each adsorption step, the 
adsorbent was separated by centrifugation and the cumulative adsorption amount 
was calculated from the aqueous phase. 
 
In another experiment, selective stripping was investigated. The loaded adsorbent 
was scrubbed with water for 5 min and contacted with a fresh strip solution (10.0 
mL) for 30 min. The strip solutions consisted of increasing H2SO4 concentrations. 
After desorption, the cumulative stripping percentage was calculated. The stripping 
percentage is defined by Equation 12: 
 
,
, !
 (Eq. 12) 
 
with nM, strip the molar amount of metal in the acidic strip solution and nM,ads the 
molar amount of metal that was adsorbed on the adsorbent material. 
 
6.2.7 REUSABILITY 
 
The efficiency of gallium recovery from Bayer liquor was investigated for 8-HQA-
CS as a function of the number of adsorption-desorption cycles. Over one cycle, 
an amount of adsorbent (50.0 mg) was first contacted with Bayer liquor (1000 µL) 
for 2 h, then scrubbed with water (10.0 mL) for 5 min, then stripped with H2SO4 
(2.5 M, 10.0 mL) for 30 min and finally washed with water (10.0 mL) for 5 min, all 
at room temperature. After each stripping step, the aqueous phase was separated 
from the adsorbent by centrifugation and its composition was analyzed. Then the 
adsorbent was used again in the following adsorption-desorption cycle. The 
recovery efficiency was calculated by Equation 13: 
 
",#
",$
 (Eq. 13) 
 
with qe,1 the adsorption amount in the first cycle and qe,x the adsorption amount in 
cycle x. 
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6.2.8 SEPARATION OF GALLIUM 
 
Gallium was separated from synthetic Bayer liquor by chelating ion-exchange 
chromatography. For this experiment, a column was packed with 8-HQA-CS (2.0 
g) as the stationary phase. The experimental course of the column separation 
experiment is tabulated in Table 12. Distinct fractions (10.0 mL) were collected and 
their composition analyzed ex situ by ICP. In between experiments, the column 
was always stored at neutral pH by extensively washing with water. 
 
Table 12: Course of the column separation experiment 
Step 
 
Description 
 
Eluent 
 
Flow rate 
[mL min-1] 
Volume 
[mL] 
1 Thorough column washing Water 1.0 100.0 
2 Sample loading Bayer liquor 0.5 10.0 
3 Column washing Water 1.0 60.0 
4 pH inversion H2SO4 (0.025 M) 1.0 40.0 
5 Aluminium scrubbing H2SO4 (0.005 M) 2.0 500.0 
6 Breakthrough termination H2SO4 (0.025 M) 1.0 50.0 
7 Gallium stripping H2SO4 (0.250 M) 1.0 50.0 
8 Complete column stripping H2SO4 (2.500 M) 1.0 50.0 
9 Thorough column washing Water 1.0 250.0 
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6.3 RESULTS 
6.3.1 CHARACTERIZATION 
 
Characterization of the quinoline-functionalized CS adsorbent materials by FTIR 
and Raman spectroscopy is shown in Table 13.249 Chemical immobilization of the 
quinoline ligands was demonstrated by particular band shifts, indicating the 
conversion of primary amine functions (NH2) in non-functionalized CS to 
secondary amine functions (NH) in quinoline-functionalized CS. 
 
Table 13: Characteristic FTIR/Raman peaks and corresponding assignments for non-
functionalized and quinoline-functionalized CS 
 
FTIR/ 
Raman 
Characteristic 
peak [cm-1] 
Assignment 
 
Non-funct. CS FTIR 3600-3200 O-H vibration 
 FTIR 1065 Si-O-Si vibration 
 Raman ~ 1600 N-H bend primary amine 
 Raman ~ 1090 C-N stretch primary amine 
Quinoline FTIR 3600-3200 O-H vibration 
funct. CS FTIR 1065 Si-O-Si vibration 
 Raman 3059 Aromatic C-H stretch 
 Raman 1611 Aromatic ring stretch 
 Raman 1576 N-H bend secondary amine 
 Raman 1434 Aromatic ring stretch 
 Raman 1326 C=N stretch aromatic amine 
 Raman ~ 1190 C-N stretch secondary amine 
 
From CHN analysis, the organic adsorbent fraction and the degree of 
functionalization could be calculated by consideration of the carbon mass 
percentage (Table 14). The share of silica in the non-functionalized hybrid particles 
was 84%. Regarding the organic fraction and the degree of functionalization, the 
values are comparable for 8-HQO-CS and 8-HQA-CS. Both functionalized 
adsorbents consist of one part of chitosan to four parts of silica. A 
functionalization degree of 26-28% means that approximately 1 of 4 chitosan 
moieties in the functionalized adsorbents contained a quinoline ring. 
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Table 14: Element composition (C and N mass percentage), organic fraction and degree of 
functionalization of non-functionalized chitosan-silica, 8-HQO-CS and 8-HQA-CS 
 
C 
[%] 
N 
[%] 
Organic fraction 
[%] 
Degree of funct. 
[%] 
Chitosan 40.11 7.45 100.0 / 
Chitosan-silica 6.52 0.96 16.3 / 
8-HQO-CS 8.32 1.02 20.7 27.5 
8-HQA-CS 8.26 0.98 20.6 26.6 
 
6.3.2 ADSORPTION KINETICS 
 
The kinetics of the adsorption process are presented in Figure 34. For the sake of 
comparison, the performance of the non-functionalized chitosan-silica material is 
shown as well. The kinetic profiles were quite slow in the sense that about 8 h of 
adsorption were required to reach a plateau value for the Ga(III) adsorption. In 
earlier work with CS hybrid materials functionalized with EDTA/DTPA and 
EGTA, contact times less than 8 h were sufficient to reach equilibrium.21,209 The 
slow adsorption kinetics observed with these quinoline-functionalized CS hybrid 
materials may be attributed to different factors, including the ligand strength and 
the complexation mechanism. Also the highly alkaline environment might hamper 
certain chemical reactions. Studies on a more fundamental level are required to 
examine the kinetics into detail. Given the intended application of these adsorbent 
materials as column resins in industrial separation processes in which many 
contaminants are encountered, the theoretical equilibration time in synthetic, 
single-element solutions is of minor importance. In the case of Bayer liquor, resin 
saturation with Al(III) that is excessively present in the liquor, will be the more 
important parameter that determines when to end the loading stage. Saturation of 
the resin will be much faster than the time needed to reach equilibrium for Ga(III) 
adsorption. 
 
It was also observed from Figure 34 that, in the conditions of this experiment, the 
highest equilibrium adsorption of Ga(III) was obtained with 8-HQO-CS, followed 
by 8-HQA-CS. As expected, non-functionalized CS yielded the lowest adsorption 
amount, although adsorption was still significant. This may indicate that adsorption 
is partially due to secondary interactions, in addition to metal chelation. In order 
to elaborate on the differences observed between 8-HQO-CS and 8-HQA-CS, the 
adsorption capacity of both adsorbent materials was studied more into detail. 
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Figure 34: Kinetics of gallium adsorption for non-functionalized CS, 8-HQA-CS and 8-HQO-
CS; mads = 50.0 mg, [Ga(III)] = 2.5 mM, pHi = 12.25. 
 
6.3.3 EQUILIBRIUM ADSORPTION PERFORMANCE 
 
6.3.3.1  Effect of adsorbents 
 
The maximal adsorption capacity of the adsorbents was investigated by plotting 
the Ga(III) adsorption amount as a function of the equilibrium concentration 
(Figure 35). Data confirmed that the immobilized extractant had an influence on 
the adsorption capacity of the corresponding adsorbent materials. The capacity of 
8-HQO-CS was higher (0.88 mmol·g-1) than that of 8-HQA-CS (0.55 mmol·g-1). 
This might be surprising, since the degree of functionalization was comparable for 
both (Table 14). The lower amount of adsorbed Ga(III) could be explained by 
considering the adsorption mechanism. Ga(III) and Al(III) are amphoteric 
elements that form negatively charged tetrahydroxy complexes in alkaline solutions 
(pH > 9). As a consequence, coordinated OH- ligands in the negatively charged 
M(OH)4- complex are substituted with quinoline ligands during the chelation 
reaction (Equation 14). 
 
M(OH)4− + 3 R−OH      M[R−O]3 + OH− + 3 H2O (Eq. 14) 
 
with M = Al(III) or Ga(III), and R = the quinoline ligand 
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According to the reaction equation, three quinoline ligands are required for 
complexation of one metal ion (Ga(III)/Al(III)).29 Hence, the presence of a methyl 
group on the C2-position of the oxine group in 8-HQA (Scheme 9) may impede the 
formation of the chelate complex. The steric effect of alkyl-substituted 8-HQO 
was discussed in the Introduction for Al(III), but here, it was observed that 
adsorption of Ga(III) was hampered as well with 8-HQA-functionalized CS, albeit 
presumably in a lesser extent compared to Al(III). This statement is based on the 
smaller ionic radius of Al3+ (0.48 Å) compared to Ga3+ (0.55 Å),215 so that 
complexation with three substituted quinoline ligands is believed to be more 
sterically hindered for Al(III). However, this should be experimentally confirmed 
(vide infra). 
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Figure 35: Equilibrium Ga(III) adsorption capacity of 8-HQO-CS and 8-HQA-CS; mads = 
25.0 mg, pHi = 12.25. 
6.3.3.2  Effect of pH 
 
The influence of the pH on Ga(III) adsorption is shown in Figure 36. In 
consideration of the highly alkaline nature of Bayer liquor, only pH values higher 
than 8 were considered. Moreover, equilibrium constants for the formation of 
monomeric Ga(III) hydroxide complexes (such as Ga(OH)2+, Ga(OH)2+, 
Ga(OH)30 and Ga(OH)4-) are difficult to measure and therefore comparatively 
poorly known, but based on a study by Wood et al. on the speciation of gallium, it 
may be expected that the process of gallium precipitation (by formation of 
Ga(OH)30) may compete with the process of gallium adsorption at pH < 8.250 
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Figure 36: Influence of the equilibrium pH on gallium adsorption with 8-HQO-CS and 8-
HQA-CS; mads = 50.0 mg, [Ga(III)] = 2.5 mM. The dashed lines indicate the relevant pH 
region for Ga(III) adsorption; on the left, removal might be partially due to hydrolysis; on the 
right, adsorption is very low. 
Adsorption slightly decreased with increasing pH for 9 < pH < 12. This can be 
explained by the liberation of OH- ions on the right side of the reaction equation 
(Equation 14). When pH ≥ 13, Ga(III) loading becomes very low (30.8 µmol·g-1 at 
pH 13.20). This is probably due to the high excess of OH- ions, shifting the 
reaction equilibrium to the left. However, in Bayer liquor the pH is easily higher 
than 14, with an ionic strength (from Na+ ions) up to 5 M.222 The adsorption 
performance will thus be worse in these conditions. There is no option to pretreat 
the Bayer liquor, for instance by lowering the pH, because the spent liquor has to 
be recirculated in the Bayer process. Nevertheless, one must realize that such low 
loading values are common for these systems and comparable values are obtained 
with the currently used resins. For example, immobilization of 5-palmitoyl-8-
hydroxyquinoline on a styrene-divinylbenzene matrix by Filik et al. resulted in a 
Ga(III) capacity of 3.9 µmol·g-1 at pH 13.50.251 In fact, the low Ga(III) loading at 
high pH partially explains why the current process is considered inefficient. Large 
amounts of resin material are required for the production of small amounts of 
Ga(III). Therefore, it is really important to reduce the resin cost, for instance by 
avoiding expensive extractants or resin degradation. 
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The influence of the temperature on the equilibrium adsorption of Ga(III) was 
studied in a range from 20 to 90 °C. No significant differences were observed when 
the reaction temperature was varied. Although the temperature may influence the 
kinetics of the adsorption process, its effect on the thermodynamics appeared to 
be negligible. This allows high flexibility when integrating gallium recovery from a 
circulating Bayer liquor feed in the flowsheet of alumina production. 
 
6.3.4 SELECTIVE RECOVERY OF Ga(III) 
 
6.3.4.1 Sequential adsorption steps 
 
The efficiency of a metal recovery process is largely dependent on the selectivity 
for the targeted metal ion. Therefore, the adsorbent materials 8-HQO-CS and 8-
HQA-CS were compared in terms of their selectivity for Ga(III) compared to 
Al(III). Since the feed liquor should be recirculated in the Bayer process after 
gallium recovery, its composition cannot be adjusted, for instance by changing the 
pH. Therefore, selectivity was investigated by monitoring the cumulative 
adsorption amount of Ga(III) and Al(III) over a number of adsorption steps (Figure 
37). These results showed for both adsorbents a higher adsorption of Al(III) 
compared to Ga(III). Unfortunately, no selectivity for Ga(III) was observed. 
Moreover, the enrichment of Al(III) on the functionalized particles increased, at 
the expense of Ga(III), over the number of adsorption cycles. After 10 adsorption 
cycles, the amount of adsorbed Al(III) was significantly lower for CS 
functionalized with 8-HQA (0.66 mmol g-1), compared to CS functionalized with 
8-HQO (0.95 mmol·g-1), whereas the amount of adsorbed Ga(III) was comparable 
for both adsorbent materials. As a consequence, the “selectivity” for Ga(III) 
adsorption was better with 8-HQA-CS (separation factor = 0.27) in comparison 
with 8-HQO-CS (separation factor = 0.20). This might be attributed to the 
presence of the methyl group on the C2-position of the quinoline ring, which 
might cause steric hindrance during metal complexation. It is not clear whether 
Al(III) is only partially or fully prevented from complexing with the immobilized 
8-HQA-extractant. Possibly, adsorption of Al(III) and Ga(III) could be attributed 
as well to the presence of other functional groups in the adsorbent matrix, like -OH 
groups on both chitosan and silica chains. According to the Hard-Soft Acid-Base 
(HSAB) concept, hydroxyl groups have a high affinity for ‘hard’ acids,252 thus 
favoring Al(III), which has a harder character than Ga(III) due to its smaller ionic 
radius. Moreover, Ga(III) and Al(III) are mainly present as Ga(OH)4- and Al(OH)4- 
at high pH, so adsorption might partially occur by attractive interactions with these 
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negatively charged tetrahydroxy complexes as well. Nevertheless, it was 
hypothesized that the respective strength of all involved interactions would be the 
decisive factor to be exploited in order to obtain the desired selectivity for Ga(III). 
In the literature, it was found that for the chelate between Al(III) and three 8-
HQO ligands, log β3 = 31.9, while for the chelate between Ga(III) and three 8-
HQO ligands, log β3 = 40.5.253 Therefore, it was studied if stripping of Al(III) 
might be easier than stripping of Ga(III). 
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Figure 37: Adsorption of Al(III) and Ga(III) from a synthetic mixture on 8-HQO-CS and 8-
HQA-CS, as a function of the number of adsorption steps. 
6.3.4.2 Stripping with sulfuric acid 
 
Sulfuric acid was chosen as stripping agent from an economic and environmental 
point of view. Sulfuric acid is a simple, inorganic acid that is not corrosive and 
fuming like hydrochloric acid and that can be obtained at a much lower cost than 
nitric acid. Selective stripping percentages as a function of the H2SO4 
concentration are presented in Figure 38. The stripping results revealed that the 
largest part of Al(III) was stripped at low concentrations of H2SO4. This indicated 
that the main part of Al(III) was adsorbed by weak, secondary interactions. By 
comparison of both adsorbents, it appeared that Al(III) was more easily stripped 
from the adsorbent functionalized with 8-HQA than from the adsorbent 
functionalized with 8-HQO. At the point at which Ga(III) gets stripped from the 
adsorbent, about 90% of Al(III) had been stripped from 8-HQA-CS (indicated by 
a dotted arrow in Figure 38 (a)), whereas only 60% of Al(III) had been removed 
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from 8-HQO-CS at this point (indicated by a dotted arrow in Figure 38 (b)). So on 
one hand, it may be assumed that Ga(III) is mainly adsorbed by stronger 
interactions compared to Al(III). On the other hand, since higher acid 
concentrations were required to strip Al(III) and Ga(III) from 8-HQO-CS in 
comparison with 8-HQA-CS, it might be that stronger interactions occur in the 
former, whether or not by the lack of a sterically hindering methyl group on the 
oxine ring of 8-HQO. 
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Figure 38: Selective stripping of Al(III) and Ga(III) from chitosan-silica (CS) materials 
functionalized with 8-HQO (a), and 8-HQA (b), as a function of [H2SO4]. 
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6.3.5 REUSABILITY STUDY 
 
Next to the recovery efficiency, one of the most important parameters for the 
Ga(III) recovery process is the resin cost. With this work, we aimed to develop 
resin materials that are less prone to degradation compared to the ones that are 
commonly used for the recovery of gallium from Bayer liquor. We aimed to avoid 
(1) hydrolysis to non-active (extractant) agents, as observed for amidoximes, by 
making use of aromatic quinoline molecules, and (2) physical loss of the active 
component from the solid to the aqueous phase, by chemically immobilizing the 
quinoline ligands on the chitosan-silica matrix, instead of impregnating them. The 
reusability of CS adsorbent functionalized with 8-HQA was investigated, since the 
latter showed the best selectivity for Ga(III) over Al(III). Because of the high 
number of physical handlings per cycle, the variability of the experimental data was 
quite high. Therefore, the experiment was performed twice and the analysis 
measurements done in duplicate. The averaged data for the recovery efficiency are 
presented in Figure 39. 
1 2 3 4 5 6 7
0
25
50
75
100
125
150
 Al(III)
 Ga(III)
R
e
co
ve
ry
 
e
ffi
ci
e
n
cy
 
(%
)
Cycle
0
25
50
75
100
125
150
Cu
m
u
la
tiv
e
 
si
lic
a
 
di
ss
o
lu
tio
n
 
(%
)
 
 
Figure 39: Reusability experiment; recovery efficiency of aluminium and gallium (left Y-axis) and 
silica leaching (right Y-axis) as a function of the adsorption cycle; mads = 50.0 mg (first 
time)/100.0 mg (second time). 
The efficiency of Ga(III) recovery remained quite stable. After seven adsorption/ 
desorption cycles, the adsorption efficiency was still higher than 97%. Moreover, 
during the several centrifugation steps, small amounts of adsorbent got physically 
lost each time. These losses only occur when doing these experiments on lab 
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(batch) scale, not when using these materials as a stationary phase in industrial 
column-chromatography set-ups. Therefore, the Ga(III) recovery efficiency is 
considered constant and it is assumed that the immobilized quinoline ring, the 
active resin component, is not affected during the alkaline adsorption and acidic 
desorption steps. On the other hand, it was quite peculiar to observe an increase 
in the recovery efficiency of Al(III) (> 100%) during these experiments. Since the 
same particles were (re-)used in consecutive adsorption/desorption cycles, it is 
hard to explain the increasing capacity for Al(III). Possibly, these observations can 
be attributed to a changing pH. Since adsorption improves with lower pH, it is 
important to wash sufficiently intense after acidic stripping. 
 
Besides adsorption efficiency, also the leaching of silica during adsorption was 
investigated, since silica dissolves in NaOH.254 The data for silica leaching during 
the reusability experiment with 100.0 mg of adsorbent are also presented in Figure 
39. Partial leaching was observed for the silica matrix of the adsorbent. On average, 
it was calculated that less than 2% of the silica matrix dissolved during each 
adsorption step from highly alkaline environment. On the short term, the recovery 
efficiency values indicate that there is no significant effect on the adsorption 
performance, although it could be expected that the specific surface area decreases 
to the same extent. Over the long term, damage to the silica networks will result in 
a deterioration of the superior characteristics of the hybrid chitosan-silica structure, 
such as mechanical strength, chemical resistance and porosity. Therefore, it is 
important to further elaborate on the long-term stability of these functionalized 
adsorbent materials in a broad range of chemical environments. 
 
Both regarding the silica dissolution and the co-adsorption of Al(III) by chitosan 
and silica functional groups, one could debate about the raw material that was used 
in this study. It could be argued that an inert polystyrene matrix is probably more 
useful in industrial applications, in the sense that only the immobilized ligand could 
exert its coordinating properties on the metal ions in aqueous solution, and because 
a rigid, aromatic matrix does not dissolve in alkaline environment, in contrast with 
silica. However, the fossil origin of polystyrene is less sustainable than that of 
biopolymers, the latter getting more and more research attention because of their 
interesting properties. Moreover, we showed that degradation of the functional 
part of the resin was avoided by chemical immobilization of the quinoline 
molecules on the biopolymer matrix. The recovery efficiency of Ga(III) remained 
stable over seven consecutive adsorption/desorption cycles. These results thus 
comprise a considerable improvement regarding the resin reusability, sustainability, 
and thus process cost, in comparison with the resin materials that are currently 
used for the recovery of gallium from Bayer liquor. 
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6.3.6 SEPARATION OF Ga(III) FROM BAYER LIQUOR 
 
The actual separation of Ga(III) from synthetic Bayer liquor was investigated by 
chelating ion-exchange chromatography with 8-HQA-CS as the stationary phase. 
After loading the Bayer liquor, the column was washed with water, to remove all 
non-adsorbed metal ions. Then, the high alkalinity of the column was neutralized. 
Based on the results from the selective stripping experiments, it was decided to 
first scrub Al(III) (and other matrix components) carefully from the column by a 
diluted H2SO4 solution. Subsequently, Ga(III) could be eluted from the column by 
stripping with a more concentrated solution of H2SO4. The resulting breakthrough 
curves are presented in Figure 40. The loading and washing stage are not shown.  
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Figure 40: Breakthrough curves of Al(III) and Ga(III) after loading a synthetic Bayer liquor 
onto 8-HQA-CS. Elution (neutralization, scrubbing, stripping) was done with solutions of 
H2SO4 with different concentrations. The cumulative metal percentages are presented as a function 
of the elution volume (left Y-axis). The dotted line represents the pH of the distinct fractions (right 
Y-axis). 
The breakthrough of Al(III) due to neutralization of the resin from alkaline to 
acidic environment occurred at an elution volume of 150 mL. Consequently, a 
good separation between the high excess of Al(III) and the small amount of 
Ga(III) was established. Figure 40 revealed that the main fraction of Al(III) was 
adsorbed to the solid phase by weak interactions. This fraction (about 90% of 
loaded Al(III)) was easily scrubbed at pH values higher than 2.00 (elution volume 
150-400 mL). A small part of Al(III) (about 10%) was bonded by stronger 
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interactions and only broke through the column at a slower rate and at pH values 
lower than 2.00 (elution volume 400-700 mL). Nevertheless, it was possible to 
scrub Al(III) (up to a fraction concentration < 1 ppm) prior to the breakthrough 
of Ga(III). Coordinated Ga(III) was eluted from the column at a pH of 1.75 and 
lower. The separation experiment was thus considered to give a good proof-of-
principle for the separation of Ga(III) from Bayer liquor with these kinds of 
materials. 
 
Some critical remarks must be made about the separation experiment. In order to 
avoid simultaneous breakthrough of Al(III) and Ga(III), it was important to elute 
with a diluted solution of H2SO4. To limit the elution volume, a neutralization step, 
to switch from alkaline to acidic environment, was included before the scrub step, 
by initiating a flow of less diluted H2SO4 through the column. Still, the total elution 
volume required for the full separation experiment was large (800 mL). This was 
mainly due to the low selectivity of the adsorbent material that was functionalized 
with the simple 8-HQA ligand. Possibly, with a more selective (but more complex) 
extractant, and without additionally coordinating functional groups (like -OH) 
present in the resin matrix, it would be easier to isolate larger amounts of valuable 
Ga(III) from smaller amounts of Al(III) adsorbed on the resin material. 
Nevertheless, the successful separation of Al(III) and Ga(III) with the current 
adsorbents showed the high application potential of the synthesized adsorbents. 
Moreover, one should be aware that the reported chromatogram resulted from the 
fifth separation experiment that was performed on the same column, each time 
reusing the same packing. The observation that the stationary phase performed as 
well over several adsorption/desorption cycles may be another convincing 
argument for the high reusability of these quinoline-functionalized CS adsorbents. 
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6.4  CONCLUSIONS 
With this work, we targeted a greener, more sustainable and less expensive 
alternative for the currently used resin materials to recover gallium from highly 
alkaline sodium aluminate solutions (Bayer liquor). Chitosan-silica adsorbents were 
functionalized with 8-HQO and 8-HQA. Chemical immobilization of the 
quinoline ligands on the CS matrix was confirmed by FTIR/Raman spectroscopy 
and elemental analysis. By chemical immobilization of aromatic quinoline ligands 
on the hybrid adsorbent matrix, it was aimed to avoid degradation by physical 
extractant loss or extractant hydrolysis. The adsorption performance for Ga(III) 
was studied with both adsorbent materials from alkaline single-element solutions. 
Equilibrium adsorption was reached after 8 h. The adsorption capacity increased 
in the order: non-functionalized CS < 8-HQA-CS < 8-HQO-CS. The higher 
adsorption amount on 8-HQO-CS compared to 8-HQA-CS might be attributed 
to the presence of the C2-methyl group in 8-HQA. Since the reaction mechanism 
involves the coordination of three quinoline ligands around the metal centre, the 
presence of a methyl substituent on the quinoline ring was believed to sterically 
hinder the formation of a chelate complex. Given the smaller size of Al3+ 
compared to Ga3+, this effect was exploited during desorption of the loaded 
adsorbent materials with H2SO4 solutions, to obtain a higher selectivity for Ga(III) 
over Al(III) with 8-HQA-CS compared to 8-HQO-CS. A reusability efficiency 
higher than 97% was obtained after seven adsorption/desorption cycles, but 
partial leaching of silica was observed, so attention must be paid to the stability of 
these adsorbent materials over the long term. 8-HQA-functionalized CS was used 
as the stationary phase in a chromatography column. This enabled the full 
separation of Ga(III) from Bayer liquor by the principle of chelating ion-exchange 
chromatography. It is the authors’ hope that this work can offer new insights, ideas 
and opportunities for further research in the framework of gallium recovery from 
Bayer liquor. 
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GRAPHICAL ABSTRACT 
 
 
 
 
Alginate microspheres, created by the vibrating-nozzle technology, were combined with silica in 
two ways: addition of silica powder to the alginate solution and soaking of pure alginate 
microspheres in a silica precursor solution of tetramethyl orthosilicate. The particles were fully 
characterized and investigated for their adsorption performance towards neodymium. 
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ABSTRACT 
 
 
The vibrating-nozzle technology is an interesting technique to produce very easily 
and very rapidly industrial amounts of functional microspheres. The technology 
was used to make hybrid alginate-silica microspheres by droplet coagulation. The 
microspheres were formed from solutions of sodium alginate and coagulation 
occurred in an aqueous solution of calcium ions. To enhance the mechanical 
properties of the alginate raw material, it was combined with two different silica 
sources: tetramethyl orthosilicate (TMOS) and commercial silica powder. The two 
different batches of alginate-silica microspheres were fully compared in terms of 
morphology, composition, shrinking behavior, and stability in acidic conditions. It 
is shown that the incorporation of an inorganic matrix resulted in a material with 
a better stabilized porous structure and a higher resistance in acidic environment. 
Both are important when functional particles are designed to be used for 
adsorption of metal ions, either as a stirred suspension in batch mode or as a 
stationary phase in a chromatography column. A study of the adsorption 
performance was conducted in batch mode for Nd(III), a representative element 
for the group of (critical) rare-earth elements (REEs). The effect of stripping 
(desorption) on the adsorption performance and reusability was also investigated. 
The functional alginate-silica microspheres showed a sustainable character as the 
adsorption efficiency remained constant during consecutive adsorption/ 
desorption cycles. 
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7.1 INTRODUCTION 
Biopolymers, such as chitosan and alginate, are very useful for the removal of metal 
ions from aqueous solutions by adsorption, both in the context of waste water 
treatment to purify waste streams from toxic (heavy) metal ions, and in the context 
of waste water valorization to recover valuable metal ions from these secondary 
resources.88,104,106,107,109,110,115,180,255 The great interest of researchers in these 
materials arises from their advantages. They are bioavailable and thus characterized 
by a quasi-unlimited and low-cost supply, they show a high adsorption capacity, 
they are reusable, etc.89,106,107,109 On the other hand, biopolymers have some 
drawbacks. They are generally aporous, show high swelling behavior and have an 
elastic character. These shortcomings can be overcome by incorporation of a silica 
source, in order to build an inorganic matrix in the structure and hence creating 
functional organic-inorganic materials with superior characteristics.142,145,256-262 
These hybrid materials can then be applied as stationary phases in large column-
chromatography set-ups. However, when it is intended to use these materials for 
applications on a large industrial scale, the physical appearance of the materials 
becomes more important. Shaping of high-performance materials into spheres 
enhances the ease of use and storage in comparison with powders.163 Also a 
smooth eluent flow through the column can be guaranteed without clogging 
problems, since porosity is generally included in these spheres during their 
formation.163 Moreover, the adsorption performance of the column material could 
be improved by rational design and synthesis. Indeed, expansion of the biopolymer 
network improves access to internal sorption sites, which could enhance the 
adsorption capacity of the adsorbent materials and the selectivity for the metals of 
interest. Here, the shaping of alginate-silica hybrid materials into microspheres was 
done by the principle of microencapsulation. Microencapsulation is the general 
term for the coating of small solid particles, liquid droplets, or gas bubbles with a 
film of shell material.263 The capsules thus produced are usually from the 
micrometer to millimeter range and are therefore called microspheres.264 
Microsphere formation finds mainly application in the field of pharmaceutics,265,266 
biotechnology,267,268 and food technology.269,270 However, microspheres can also 
be applied in the field of hydrometallurgy, since adsorption is believed to be an 
efficient and environmentally-friendly technique for the recovery and separation 
of metal ions from aqueous streams, certainly when taken advantage of 
biosorbents like chitosan or alginate.104,110,144,180 Different technologies exist for the 
formation of microspheres, such as spray drying,168 fluid bed coating,169 
coacervation,170 spheronization,171 annular jet,172 etc. For practical use in 
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hydrometallurgical applications, the authors consider the vibrating-nozzle 
technology as the best option for the creation of large batches of functional 
microspheres. The vibrating-nozzle technology offers the capability of producing 
industrial-scale quantities of spherical and especially mono-disperse particles in 
short production times.163 By making use of the vibrating-nozzle technology the 
process is considered to have the following advantages: (1) easy scale-up from lab 
scale to pilot scale, (2) formation of microspheres with a monomodal and narrow 
size distribution, (3) possibility to flexibly adjust the diameter range by variation of 
the nozzle size, the solution viscosity, the frequency, the pressure, and (4) a small 
ecological footprint of the setup and limited energy consumption. 
 
In this article, two approaches for the creation of hybrid alginate-silica 
microspheres were tried and compared. One method consists of the addition of a 
fine-grained silica powder to the alginate solution before dripping. This way a 
composite material is obtained (alginate-silica M600) with easily tunable 
characteristics by choice of the proper silica powder. The other method consists 
of inducing in-situ silica polymerization by soaking pure alginate microspheres in 
tetramethyl orthosilicate (TMOS).271 The latter sol-gel procedure comprises 
hydrolysis reactions to replace methoxide groups with hydroxyl groups, resulting 
in hydrophilic silanol entities which subsequently undergo condensation reactions 
to form siloxane bonds within the microspheres.150 As hydroxyl groups of silanol 
and alginate can co-react, a so-called interpenetrating-network (IPN) material with 
enhanced rigidity is expected (alginate-TMOS). 
 
The naming of the particles in this work refers to the origin of silica incorporation 
(silica M600 and TMOS). A full characterization was done for both batches, with 
respect to their morphology, composition, shrinking behavior and stability in acidic 
environment. A clear and full comparison of the resulting characteristics of the 
alginate microspheres for both approaches of silica incorporation has not been 
described before. Also the adsorption performance of the hybrid materials was 
investigated for Nd(III), considered as a model element for the group of rare-earth 
elements (REEs). Much research is going on to achieve sustainable valorization 
schemes for waste streams, like industrial process residues, containing these 
REEs.57 Finally, the effect of stripping on the adsorption performance and the 
reusability was investigated in order to enable evaluation of the sustainable 
character of the synthesized materials. 
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7.2 EXPERIMENTAL 
7.2.1 CHEMICALS 
 
Scogin® LV (low viscosity) sodium alginate was kindly supplied by FMC 
BioPolymer (Philadelphia, USA). The mannuronate-guluronate (M:G) ratio is 3:2 
(60% M and 40% G). The viscosity specification range is between 50 and 70 mPa·s 
(1 wt% solution). Tetramethyl orthosilicate (TMOS), ≥ 98.0% purity, was 
purchased from Fluka Chemie GmBH (Buchs, Switzerland). Quartz silica powder 
Sikron® M600 was supplied by S.C.R. Sibelco N.V. (Dessel, Belgium). It has a 
median (d50) diameter of 3 µm and a specific surface area of 4.2 m²/g. Hydrochloric 
acid, 30%, for analysis (Emsure®), hydrated calcium chloride for elemental 
analysis, and Uvasol® ethanol for spectroscopy were purchased from Merck 
KGaA (Darmstadt, Germany). Ethanol 96% AnalaR NORMAPUR and Ph. Eur. 
Ethanol absolute were purchased from VWR Chemicals BDH PROLABO® 
(Leuven, Belgium). Nd(NO3)3·6H2O (99.9%) was supplied by Alfa Aesar (Ward 
Hill, USA). Chemicals were used without further purification. Water was always of 
ultrapure quality (Milli-Q). 
 
7.2.2 EQUIPMENT AND ANALYSIS 
 
The formation of alginate-silica microspheres was done by means of the 
Microspherisator M from Brace GmbH (Karlstein am Main, Germany). This small 
pilot-scale device has a capacity of up to 10 L/h. A schematic figure of the 
experimental set-up is shown in Figure 9 (Chapter 1, §2.4). A HAAKE MARS 
Modular Advanced Rheometer System (Thermo Electron Corporation) with a 
temperature controlling unit was used to perform viscosity measurements. Samples 
were measured in a coaxial cylinder with a Z41Ti spindle, at 25 °C. Shear rates 
were varied from 0.1 to 1000 s-1. Microscopic pictures for particle size analysis 
were taken with a Zeiss SteREO Discovery.V12 microscope, equipped with a Plan 
Apo S 1.0x FWD 60 mm objective, a digital Axiocam MRc camera and a KL2500 
LCD light source. The particle size analysis was carried out on a minimum of 100 
microspheres with the AxioVision 4 Module Particle Analyzer software. FTIR 
spectra were recorded on a Bruker Vertex 70 spectrometer (Bruker Optics). Air-
dried samples were crushed and examined as such using a Platinum ATR single 
reflection diamond attenuated total reflection (ATR) accessory. CHN (carbon, 
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hydrogen, nitrogen) elemental analyses were obtained with a TruSpec CHN 
element analyzer (Leco, Michigan, US). Thermogravimetric analyses (TGA) were 
performed using a Netzsch-Gerätebau STA 449 C Jupiter thermo-microbalance. 
Samples were analyzed from ambient temperature to 1000 °C under flowing air at 
a heating rate of 5 °C min-1. Part of the particles was dried by supercritical CO2 
drying, in order to remove all liquid in a controlled way, without capillary forces 
damaging the raw structure. This was done by using a BAL-TEC CPD 030 Critical 
Point Dryer. Prior to drying, the water in the microspheres was fully replaced by 
ethanol, since water and liquid CO2 are not miscible. This was done by soaking the 
microspheres in ethanol of gradually increasing purity; a first time in ethanol 96 
vol%, then in ethanol absolute and finally in ethanol Uvasol®. The drying 
procedure was then started by replacing ethanol with liquid CO2 in the 
microspheres. This was done by refreshing the medium in the drying chamber with 
pure liquid CO2, rinsing and draining (five times). To make the liquid CO2 
supercritical, the temperature and the pressure in the chamber were increased 
above the critical point of CO2, which is at 31 °C and 73.8 bar. By then releasing 
gently gaseous CO2, the pressure of the chamber decreased again to atmospheric 
pressure, leaving behind the dried product. The surface of the intact, supercritical 
CO2 dried microspheres was observed using a cold field emission scanning 
electron microscope (FEGSEM) type Nova Nanosem450 (FEI, USA) at an 
acceleration voltage of 5 kV. To avoid charging under the electron beam during 
SEM, all samples were coated with a thin Pt(80)/Pd(20) layer ( 1.5 nm), using a 
Cressington 208 HR high resolution sputter-coater. Another part of the 
microspheres was freeze-dried with a Heto Power Dry LL3000 Freeze Dryer with 
HSC500 temperature controller. The microspheres were frozen in liquid nitrogen, 
prior to sublimation of the water in the microspheres under vacuum. The specific 
surface area of the freeze-dried adsorbents was determined with a Quantachrome 
Autosorb-iQ automated gas sorption analyzer. Samples were outgassed under 
vacuum, at room temperature. The specific surface area was determined with the 
BET method from N2 adsorption and desorption isotherms at liquid nitrogen 
temperature. Metal ion concentrations were determined by total-reflection X-ray 
fluorescence (TXRF) on a Bruker S2 Picofox TXRF spectrometer. To perform the 
sample preparation for a TXRF measurement, the aqueous metal solution (500 µL) 
was added in an Eppendorf tube with a 1000 mg⋅L-1 Merck gallium standard 
solution (100 µL) and diluted with milli-Q (400 µL). A small amount of the sample 
(7.5 µL) was put on a quartz disk, pre-coated with a hydrophobic silicone solution 
(10 µL), and dried in an oven at 60 °C during 30 min. Samples were then measured 
for 300 s. The investigation of silicon leaching required the use of polypropylene 
disks, instead of quartz carriers. 
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7.2.3 SYNTHESIS 
 
ALGINATE-TMOS 
 
First, a solution (1 L) was made by mixing sodium alginate (3 wt%) in Milli-Q. The 
solution was stirred overnight to ensure full homogenization. A flow was initiated 
by putting the liquid feed under pressure. With a stroboscopic light that flashes in 
phase with the nozzle vibration, the break-up of the jet could be visualized. This 
is important to optimize the parameters of the process, which is necessary for a 
good break-up of the droplets. After this, the microspheres were caught in a 
coagulation bath (1 L) being a solution of CaCl2 (2.5 % (wt/vol)). The dripping 
height was kept constant on the position of the first free droplet of the interrupted 
jet. The spheres (500 mL) were rinsed three times with Milli-Q and stored for 24 
h. Next, half of the spheres (250 mL) was carefully sieved and transferred to a 1:1 
mixture of TMOS in ethanol (500 mL) in which they matured overnight. The 
spheres were isolated, stirred for 2 h in Milli-Q, sieved and then soaked in a 1:1 
mixture of glycerol in Milli-Q (500 mL) for 4 h. Finally, the hybridized 
microspheres were rinsed three times with Milli-Q and stored in Milli-Q. 
 
ALGINATE-SILICA M600 
 
A similar method was used to prepare alginate-silica M600 microspheres. Prior to 
the coagulation process, Sikron® silica M600 powder (2 % (wt/vol)) was added to 
the sodium alginate solution (3 % (wt/vol)). After stirring, potential agglomerates 
were filtered off by a 100 µm sieve. Because of a different composition of the 
solution, the instrument parameters for the vibrational droplet coagulation were 
different (Table A5). The spheres (500 mL) were rinsed and stored in Milli-Q. 
 
7.2.4 ADSORPTION EXPERIMENTS 
 
Prior to the adsorption experiments, the stability in acidic environment was 
investigated. Wet microspheres (500 ± 5 mg) were added to acidified solutions 
(10.0 mL) with concentrations of HCl, varying from 0.00 to 5.00 M. The solutions 
were stirred at 300 rpm for 4 h, after which the aqueous phase was decanted for 
analysis with TXRF. 
 
Batch adsorption experiments were conducted in aqueous solutions to investigate 
the adsorption performance of the microspheres. A stock solution of Nd(III) was 
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prepared (caq = 10.00 ± 0.10 mM). Wet microspheres (500 ± 5 mg) were added to 
a properly diluted solution of Nd(III) (10.0 mL) and magnetically stirred at 300 
rpm and room temperature. At equilibrium (within 4 h), the aqueous phase was 
decanted for analysis with TXRF. The amount of metal ions adsorbed was then 
quantified using Equation 4 (Chapter 1, §2.5). 
 
Adsorption was investigated as a function of pH, adjusted by adding proper 
amounts of HCl (1.0 M) or NaOH (0.1 M) to decrease or increase the pH, 
respectively. Wet spheres were used for reasons of convenience and because of the 
fact that water-saturated spheres would also be used in column applications. 
Adsorption amounts were recalculated to dry (functional) mass by correcting for 
the water content (vide infra). This is done to simplify comparison with similar 
systems in the literature.110,155,192,272-274 
 
The water content was determined by weighing an amount of wet spheres, then 
increasing the temperature in a TGA device (10 °C min-1) and considering the 
residual (dry) mass after a stabilization period of 30 min at 105 °C (Table 15). 
 
7.2.5 REUSABILITY STUDY 
 
Studies on the reusability of the microspheres were performed to investigate the 
adsorption efficiency for consecutive adsorption/desorption cycles. Adsorption 
was done by adding wet microspheres (500 ± 5 mg) in plastic centrifuge tubes 
containing aqueous Nd(III) solutions (caq = 1.00 ± 0.01 mM). After 4 h of shaking 
at 1000 rpm, the aqueous solutions were separated by decantation for analysis with 
TXRF, to determine the adsorption amount. Then, the particles were washed with 
Milli-Q (10.0 mL) to remove Nd(III) ions that were not coordinated. Subsequently, 
desorption was achieved by stripping the particles with a solution of HCl (0.5 M, 
10.0 mL). The particles were shaken at 1000 rpm for 1 h. The stripping solution 
was separated by decantation, prior to analysis with TXRF. The stripping 
percentage is defined by Equation 12 (Chapter 6, §2.6). 
 
A 0.5 M HCl concentration was used in the reusability experiments in order to 
ensure full stripping. Three washing steps with Milli-Q were performed before 
starting a new adsorption/desorption cycle, in order to get the particles pH neutral. 
The experiment was done in triplicate to minimize the experimental error. 
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7.3 RESULTS AND DISCUSSION 
Because of previous experience with functionalized chitosan, the authors initially 
intended to create microspheres starting from chitosan material.196,214 Chitosan is 
a well-known material in the context of microencapsulation, due to its gel-forming 
behavior.229,257,258,275-278 In chitosan, the formation of a gel is based on the principle 
of pH inversion when dropping an acidic solution in an alkaline coagulation bath. 
Unfortunately, the thus formed spheres lacked any mechanical stability to resist 
the high impacts with the surface of the coagulation solution when dripped under 
high pressure with the Microspherisator. Several approaches were tried (addition 
of additives, reduction of the surface tension of the coagulation solution, increase 
of the viscosity and/or the density of the feed solution, variation of the pH, etc.) 
but nothing could prevent deformations of the fragile spheres formed by break-up 
of the annular stream by the vibrating nozzle. Another biopolymer, very 
comparable to chitosan, is alginate. Both have the same advantages, such as their 
natural availability, quasi-unlimited and cheap supply, reusability, and high 
adsorption capacity for metal ions. However, alginate microspheres show higher 
mechanical strength than chitosan microspheres.279 With alginate, coagulation is 
based on the ionotropic gelation of alginate drops in a solution of multivalent 
cations.165 Usually calcium chloride is used for coagulation. Note in Figure 8 (Chapter 
1, §2.4) the so-called egg-box structure that results from the specific coordination 
of calcium ions in alginate guluronate blocks. The formation of junction zones 
involves dimerization of alginate polymer chains, hence giving rise to a very stable 
structure.120 Preliminary tests showed that alginate material was more suitable as a 
starting material for the shaping of high-performance sorbent microspheres by 
means of the vibrating-nozzle technology. Organic-inorganic hybrid materials were 
produced to improve the characteristics of the coagulated microspheres. Two 
different hybridization approaches were compared regarding their performance. In 
one batch pure alginate microspheres were soaked in a TMOS-ethanol solution to 
obtain an IPN material. In another batch silica powder (Sikron® M600) was added 
to the alginate solution, prior to coagulation, to obtain a composite material. Both 
approaches have their benefits and drawbacks, as will be discussed in the text. Note 
that the silica matrix is not necessary for the shaping, but only incorporated to 
improve the stability of the thus formed microspheres, their acid resistance, the 
resulting rigidity, the column flow properties, etc. 
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7.3.1 VISCOSITY STUDY 
 
The viscosity of the solution has to be more or less between 50 and 800 mPa·s to 
ensure that the vibrational droplet coagulation process proceeds successful. 
Therefore, viscosity profiles were measured for solutions of 1.0, 2.0, 3.0 and 4.0 % 
(wt/vol) of sodium alginate (Figure 41). 
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Figure 41: Viscosity profiles measured at 25 °C as a function of the shear rate for aqueous 
solutions with varying sodium alginate concentrations. The vertical dashed line at 60 s-1 indicates 
the shear rate that is comparable with the circumstances in the nozzle during vibrational droplet 
coagulation. 
In Figure 41, the experimental data were fitted with the Ostwald-de Waele (power-
law) model, which is based on Equation 15:280 
 
%&# (Eq. 15) 
 
with, µ [Pa·s] is the apparent viscosity,  [s-1] is the shear rate, K [Pa·sn] and n 
[dimensionless] are the flow consistency index and the flow behavior index, 
respectively. The empirical parameters derived from fitting the experimental data 
with the Ostwald-de Waele model give information about the flow behavior and 
the consistency of the solution (Table A4). 
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Solutions encounter certain forces during their processing as a consequence of the 
feed pressure, the vibrating nozzle, etc. Based on the viscosity values at the shear 
rate comparable with the circumstances during the vibrational droplet coagulation 
process ( 60 s-1, vertical dashed line in Figure 41) a 3.0 % (wt/vol) sodium 
alginate solution was considered to be the best choice for our process. 
 
Two different types of silica sources were tested in order to compare the combined 
properties of the resulting alginate-silica microspheres: 1) TMOS, to induce in-situ 
silica polymerization reactions, which results in an IPN material constituted of 
alginate and silicate interacting on a molecular level, and 2) silica powder, to obtain 
a composite (multiphase) material in which the silica (filler) phase is dispersed in 
the alginate (matrix) phase. Alkoxysilanes such as tetramethoxysilane (TMOS) and 
tetraethoxysilane (TEOS) are common silicon-containing precursors for silica 
formation in materials for technological applications.150 By soaking the alginate 
microspheres in a TMOS solution, the aim was to induce in-situ silica 
polymerization reactions, in order to obtain an IPN material (alginate-TMOS). 
Those materials possess a strong hybrid character and are thus expected to be very 
stable. In aqueous solutions TMOS hydrolyzes, which results in the formation of 
silanol entities. In the subsequent condensation reactions, the formed silanol 
groups react in order to produce siloxane bonds.281 Silica polymerization is usually 
catalyzed in an acidic or alkaline environment. However, it was observed that the 
silica polymerization proceeded well in neutral environment because of the 
presence of –OH groups on the alginate moieties, which act as nucleation sites at 
which polymerization could start.271 The major advantage of this approach is that 
chemical interactions and linkages occur between both materials (alginate and 
silicate), which results in a naturally crosslinked, IPN material. The other approach 
to incorporate an inorganic matrix in the organic microspheres was by adding silica 
powder to the alginate solution. To decide which type of silica was the most 
suitable, we had to compromise between several characteristics. On the one hand, 
the particle size should be sufficiently small in order to have a high specific surface 
area. On the other hand, the specific surface area cannot be too high as this would 
increase the viscosity of the alginate solution drastically, which would make it 
impossible to drip. Moreover, the powder must have sufficient density to avoid 
that dripped microspheres float on the surface of the coagulation bath and collide 
with incoming spheres. Despite having large surface areas (50−600 m²/g) fumed 
silica sources were therefore considered unsuitable as additives in the alginate 
solution as the resulting solutions have too high viscosities and too low densities 
(0.16−0.19 g/cm³). Sikron® silica sands are micrometer sized and with a density 
of 2.65 g/cm³ sufficiently heavy to make the formed microspheres sink to the 
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bottom. Within the Sikron® series the Sikron® M600 silica type was chosen 
because it has the highest specific surface area (4.20 m²/g), which is due to its small 
(and well-controlled) particle size distribution, with a d90 value of 9 µm and a d10 
value of 2 µm. A d90 particle size value is defined as the value where 90% of the 
population is smaller than this size, and thus gives an idea about the size of the 
largest particles. Analogously, the d10 particle size value represents the size where 
only 10% of the microspheres resides below. The eventual application of the 
functional particles determines the choice of the silica powder. Hence, an 
important advantage of adding silica powder over TMOS is that the characteristics 
of the resulting microspheres can be easily tuned by choosing the proper silica type. 
Addition of 2.0 % (wt/vol) silica M600 powder to the pure 3.0 % (wt/vol) sodium 
alginate solution led to an increase in viscosity, from 531 mPa·s to 568 mPa·s at a 
shear rate of 60 s-1. In order to obtain solutions with comparable viscosities, the 
viscosity of the pure alginate solution was also slightly increased by adding a higher 
amount of sodium alginate: 3.0 wt% (30 g in 970 mL of water) was used for the 
pure alginate solution, compared to 3.0 % (wt/vol, 30 g in 1000 mL of water) in 
the mixed suspension. This resulted in a viscosity value (562 mPa·s at a shear rate 
of 60 s-1) that was comparable with that of the mixed alginate-silica M600 
suspension. 
 
7.3.2 VIBRATIONAL DROPLET COAGULATION PROCESS 
 
First of all, the nozzle parameters for the vibrational droplet coagulation procedure 
were optimized. To visualize the interruption of the laminar jet, a stroboscopic 
light source was used. By flashing the stroboscope in phase with the vibrating 
nozzle, the apparent continuous stream could be detected by the eye as distinct 
droplets. The instrument parameters were optimized in such a way that (1) droplets 
were observed at a stable position, instead of oscillating in the stream, which would 
indicate a labile break-up; (2) no satellite droplets (smaller droplets in between the 
main droplets) were observed. The latter would indicate that the feed pressure is 
too high. The influence of the feed pressure on the break-up of the laminar jet is 
visualized in Figure 42. Optimization of the parameters highly depends on the 
composition of the feed solution, since its characteristics (rheology, surface 
tension, density, etc.) are related to this. Moreover, the morphology of the produced 
microspheres will depend on the experimental conditions. For instance, when 
dripping two solutions with the exact same composition, higher vibration 
frequencies will result in smaller spheres. The parameters used for both processes 
are summarized in the Appendix (Table A5). 
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           (a)          (b)       (c) 
Figure 42: Visualization of the effect of parameter variation on the break-up of the annular jet. 
Increasing feed pressure from left to right. In (a), the pressure is too low in order to get a good 
break-up for a solution with this viscosity. In (b), a perfect break-up is shown because the right 
settings were applied here. In (c), the presence of satellite droplets in between the main droplets can 
be observed as a consequence of a too high pressure. 
Because of the pressure at which solutions are dripped, the impact between the 
dripped microspheres and the surface of the coagulation solution is considerable. 
Nevertheless, it was not necessary to lower the surface tension of the coagulation 
bath (typically with isopropyl alcohol) in order to maintain the spherical shape. 
This indicates that the coagulation mechanism was sufficiently strong. It was also 
observed that a coagulation bath with a CaCl2 concentration of 2.5 % (wt/vol) 
resulted in more spherical microspheres compared to a concentration of 5.0 % 
(wt/vol). This may be due to the speed at which coagulation occurs, as a lower salt 
concentration results in a slower coagulation mechanism. This allows a settling 
period for the microspheres to regain their initial spherical shape from the oval 
shape that resulted after the high impact against the coagulation surface. Moreover, 
a slower coagulation mechanism helps to avoid the enclosure of tiny air bubbles 
within the microspheres, which would otherwise cause microspheres to float on 
the surface, thus hindering and deforming incoming spheres. With a CaCl2 
concentration of 2.5 % (wt/vol), spheres immediately sunk to the bottom. 
 
The water content was determined for pure alginate, alginate-TMOS and alginate-
silica M600 microspheres (Table 15). Since determination of the pore size 
distribution by N2 adsorption/desorption is only possible on dried beads, the water 
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content is an easy, alternative measure for the porosity of the gel beads in the wet 
state. In all microspheres, the major part (> 90%) consists of voids, which impact 
the permeability of the microspheres required to ensure a smooth flow when 
applying them in a column-chromatographic set-up. In the wet state, the pore 
space is the highest in the pure alginate microspheres. Incorporation of silica 
increases the amount of solid material and occupation of free, open pores. The 
total share of solid material is higher in the alginate-TMOS microspheres, in which 
silica polymerization reactions were induced in-situ, compared to the alginate-silica 
M600 beads, in which commercial silica powder was dispersed.  
 
Table 15: Values for the water content of the synthesized microspheres; percentages of solid 
material were calculated from the water content 
 
Water content 
(%) 
Solid material 
(%) 
Pure alginate 96.6 3.4 
Alginate-TMOS 91.5 8.5 
Alginate-silica M600 94.0 6.0 
 
7.3.3 FTIR SPECTROSCOPY ANALYSIS 
 
FTIR absorption spectra confirmed the presence of alginate and silica material in 
both batches. Characteristic wavenumbers in the pure calcium alginate spheres 
were localized at 3000-3600 cm-1 (broad band, -OH), 1587 cm-1 (primary peak 
carboxylate, shifted from 1595 cm-1 compared to the original sodium alginate 
powder), 1415 cm-1 (secondary peak, carboxylate, shifted from 1407 cm-1 
compared to the original sodium alginate powder), and 1021 cm-1 (C-O stretch). 
These bands also appeared in the hybrid alginate-silica microspheres, except for 
the band at 1021 cm-1, due to the presence of a more significant band at 1063 cm-
1 (Si-O-Si in alginate-TMOS) or 1034 cm-1 (Si-O-Si in alginate-M600). Also the 
broad band between 3000 and 3600 cm-1 was less pronounced in the alginate-
TMOS particles, just like the band at 1587 cm-1 disappeared in the alginate-TMOS 
spheres. The latter two observations were quite unexpected. It seemed that the 
vibrations of both hydroxyl and carboxylate groups in pure alginate disappeared 
by reaction with the silanol entities in the formation of an IPN structure. Next, an 
extra silica peak appeared at 798 cm-1 (in alginate-TMOS), and 794 cm-1 (alginate-
M600), arising from Si-OH vibrations. In the IR-spectrum of the alginate-TMOS 
particles, an additional peak was observed at 958 cm-1 (silicate ion). 
Shaping into microspheres 
 
151 
7.3.4 MORPHOLOGY ANALYSIS 
 
The microspheres were investigated by optical microscopy to qualitatively confirm 
the spherical shape, the monomodal size distribution and the micrometer size 
(Figure 43). 
 
 
Figure 43: Optical-microscopic picture of alginate-silica M600 microspheres. Magnification: 8×. 
Quantification of the particle size distribution was done on a minimum count of 
100 microspheres. Results for the wet alginate-TMOS and alginate-silica M600 
microspheres are summarized in Table 16. On the one hand, the d90/d10 ratio is a 
measure for the homogeneity of the different particle sizes in the population. The 
closer this ratio approaches 1, the more uniform the particle size distribution is. 
On the other hand, the Feret ratio is a measure for the degree of circularity: 
 
 (Eq. 16) 
 
with d the minimum Feret diameter and D, the maximum Feret diameter. A Feret 
diameter is defined as the distance between two parallel tangential lines of a sphere. 
A Feret ratio of 1 indicates a perfectly spherical microsphere. 
 
Table 16: Particle size values (mean diameter, d90/d10 ratio and mean Feret ratios) for wet 
alginate-silica microspheres 
 
Diameter 
(µm) 
d90/ d10 
 
Feret ratio 
 
Alginate-TMOS 781 ± 37 1.12 0.90 ± 0.04 
Alginate-silica M600 1100 ± 17 1.04 0.95 ± 0.02 
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Particle size measurements revealed smaller microspheres for the batch of alginate-
TMOS, compared to that of alginate-silica M600. This can be explained by the 
different composition of the corresponding solutions and with the experimental 
conditions, like the vibrational frequency at which the microspheres were dripped: 
the pure alginate-TMOS microspheres, dripped at a frequency of 750 Hz, are 
almost 30% smaller than the alginate-silica M600 microspheres, which were 
dripped at a frequency of 350 Hz. Results also show a tight particle size distribution 
for both batches (d90/d10 value close to 1) and confirm that the particles can be 
considered spherical (Feret ratio ≥ 0.90). However, it is also clear that a higher 
degree of uniformity and circularity was obtained for the alginate-silica M600 
microspheres. Besides more deformations, higher standard deviations are 
observed for the diameters of the alginate-TMOS microspheres. Plausible 
explanations for this are: (1) smaller spheres have less weight and are deformed 
more upon impact against the surface of the coagulation bath; (2) the faster 
coagulation of the smaller spheres did not allow for sufficient relaxation; (3) these 
microspheres have endured more physical handlings during their synthesis. A 
combination of these effects is also likely.  
 
 
Figure 44: SEM images of the surfaces of alginate-TMOS (1) and alginate-M600 microspheres 
(2). Images were made at acceleration voltage: 5.00 kV, working distance 6.5 mm; 
magnifications: 100x (a) and 1000x (b). 
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A SEM analysis was performed in order to investigate the surfaces of the 
microspheres (Figure 44). The microsphere surfaces are well defined. A smoother 
surface is observed for the alginate-TMOS microspheres. The alginate-silica M600 
microspheres are characterized by a coarser surface with small local elevations. 
 
7.3.5 SPECIFIC SURFACE AREA 
 
A BET analysis was performed to measure the specific surface area of the 
materials. For the alginate-TMOS microspheres the specific surface area 
corresponded to 216.1 m²/g, a significantly higher value than the one obtained for 
the alginate-silica M600 microspheres with a specific surface area of 4.6 m²/g. The 
latter, low value was predicted from the specifications of the added silica powder. 
Sikron® M600 has a specific surface area of 4.2 m²/g as determined by the 
producer. The alginate material did not contribute to an increase of the total 
specific surface area. A composite alginate-silica material with a higher total 
specific surface area could be obtained by using a silica powder that is characterized 
by an intrinsically higher specific surface area. However, additives with a high 
specific surface area could cause problems in the process as their presence generally 
results in higher viscosity values for the solutions to be dripped. On the other side, 
the pure alginate microspheres that were soaked in a TMOS solution afterwards 
showed a high specific surface area. This can be attributed to the in-situ 
polymerization of silica networks. A high specific surface area guarantees a good 
availability of the functional groups. 
 
7.3.6 COMPARISON OF DIFFERENT DRYING METHODS 
 
Storage of microspheres is easier when they are dried. However, drying causes 
damage to the raw porous structure of the alginate-silica microspheres. This has to 
do with capillary forces which result from the surface tension of water when going 
from the liquid to the gaseous phase. Special drying procedures, like freeze-drying 
and supercritical CO2 drying, avoid crossing the liquid-gas phase boundary and 
therefore prevent collapse of the raw structure. With freeze-drying, microspheres 
are frozen with liquid nitrogen and then put under vacuum, so that frozen water 
can be sublimated. With supercritical CO2 drying, pressure and temperature are 
increased in a chamber containing wet microspheres soaked in liquid CO2. This 
way, it is possible to pass the critical point of CO2 (73.8 bar and 31 °C) at which 
the fluid becomes neither liquid, nor gas. The supercritical CO2 can then be 
released, leaving behind the dried sample. 
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By means of optical microscopy, a particle size analysis was performed for the 
differently dried microspheres. The amount of shrinkage was compared. The 
shrink percentage is defined by Equation 17: 
 
'" !"!
'"
 (Eq. 17) 
 
with dwet the mean diameter of the wet microspheres (before drying), and ddried the 
mean diameter of the dried microspheres. The closer the shrink percentage 
approaches 0%, the less shrinkage has occurred. The shrinkage data for both 
materials, dried to the air, by freeze-drying and by supercritical CO2 drying are 
summarized in the Appendix (Table A6). 
 
The most pronounced shrinkage (size and shape) was observed for the 
microspheres that were dried to the air, which was expected as no care was taken 
to control the drying process. Moreover, a remarkable difference was observed 
between both batches. The air-dried alginate-TMOS spheres shrunk only half as 
much (30%) as the alginate-silica M600 spheres (64%). Apparently, the original 
porous structure of alginate-TMOS microspheres remains much more intact after 
drying by the formation of a hybrid material with interpenetrating networks instead 
of creating a composite material. With the freeze-drying technique, it appeared the 
limits of the alginate structure to resist shrinkage were faced. In both alginate-silica 
batches, the microspheres shrunk about 23-24%. Moreover, cracks occurred in the 
freeze-dried microspheres as a consequence of the liquid nitrogen freezing step. 
As a result, part of the particles lost their original spherical shape, which explains 
the lower Feret ratios that resulted from the freeze-drying technique, even lower 
than for microspheres that were dried to the air. With supercritical CO2 drying 
crack formation can be avoided since there is no freezing step. There is also no 
need for extremely high temperatures or vacuum conditions, so that the technique 
is generally considered more controlled and also more energy-efficient than 
conventional drying techniques. A shrink percentage of 24% was again observed 
for the alginate-silica M600 particles that were dried by supercritical CO2, but a 
better value was obtained for the alginate-TMOS microspheres. Here, the effect of 
creating interpenetrating networks by soaking with TMOS clearly appears. The 
latter leads to a more rigid, supporting matrix structure, which, in combination 
with the supercritical CO2 drying technique, leads to the best preserved structure 
in the dry state. Depending on the final application, it is more interesting to add 
either dispersed silica powder, rather than to induce silica polymerization 
afterwards. In the alginate-TMOS spheres, the porous structure is better stabilized 
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and a material with a significantly higher specific surface area is obtained. In the 
alginate-silica M600 composite materials, the silica powder merely serves as a filling 
material. In the hydrometallurgical applications that are the target of this work, the 
spheres are used in a wet state. The shrinkage induced by drying is therefore less 
relevant compared to other effects of silica, which impact the adsorption and 
column performance. The ease of adding dispersible silica powder with known and 
proper characteristics to an alginate solution, could be a more decisive factor, 
unless one wants to incorporate specific functional groups. Then it would be 
interesting to induce the silica polymerization reactions starting from, for instance, 
functionalized siloxanes. 
 
It is further important to mention that the shrinkage by drying seemed to be 
irreversible. The swelling behavior was investigated for both batches that were 
dried either way. It appeared that the particles did not re-swell significantly (> 1%) 
by soaking the microspheres in water for 24 h. This indicates that the collapse of 
the raw porous structure during drying is not reversible. 
 
7.3.7 COMPOSITION 
 
The organic and inorganic share in the alginate-silica hybrid microspheres were 
determined by combining information derived from both CHN elemental analysis 
and TGA (Table 17). Air-dried spheres were used for both analyses.  
 
Table 17: CHN and TGA analysis results for different materials and corresponding calculated 
values for the organic content (OC) 
 
C / H / N 
(wt%) 
OC 
(CHN) 
(wt%) 
Residual 
mass (TGA) 
(wt%) 
OC 
(TGA) 
(wt%) 
Pure ALG 32.5 / 4.7 / 0.0 100.0 14.0 100.0 
ALG-TMOS 8.1 / 1.9 / 0.0 24.9 72.5 31.0 
ALG-M600 13.6 / 3.2 / 0.0 41.8 60.9 45.0 
 
Although calcium(II) is built in the alginate structure, it is considered here as part 
of the organic share in the hybrid microspheres. This way, it is possible to estimate 
the organic content in the hybrid alginate-silica microspheres by comparison of the 
carbon percentages in the hybrid alginate-silica microspheres with the percentages 
in pure (calcium) alginate microspheres. 
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TGA was used to confirm results obtained by CHN analysis. Residual masses arise 
from the silica content intrinsically present in the microspheres and from CaCO3 
formed during heating by reaction of coagulated calcium ions with O2 in the air.282 
Since the amount of CaCO3 formation can be estimated in each trace by combining 
the residual mass in the TGA trace of pure (calcium) alginate and the organic share 
in the hybrid microspheres, derived from CHN analysis, TGA provides a 
supplementary technique to estimate the share of organic material. From the 
results obtained by CHN analysis and TGA, it can be concluded that the amount 
of inorganic silica material is significantly higher in the alginate-TMOS 
microspheres, compared to the alginate-silica M600 microspheres. This is a 
consequence of the less controllable procedure that was followed to incorporate 
silica in the alginate-TMOS microspheres. By inducing in-situ silica polymerization 
reactions, higher amounts of inorganic silica were obtained in these hybrid 
materials. Since the amount of organic (functional) material is lower in the alginate-
TMOS microspheres, it can be expected that the adsorption capacity will also be 
lower for these microspheres (vide infra). From the TGA trace of pure alginate, the 
amount of coagulated calcium(II) ions in the microspherical alginate structures 
could be estimated from the amount of CaCO3 that was formed during heating. A 
value of 14.5 wt% was obtained. 
 
7.3.8 STABILITY AS A FUNCTION OF pH 
 
Wet microspheres were stirred in solutions with increasing concentrations of HCl. 
In none of the particles loss of silicon was detected by TXRF. The release of Ca2+ 
ions is presented in the Appendix (Figure A1). For pure alginate microspheres, the 
calcium release appeared to gradually increase with higher HCl concentrations. In 
the hybrid microspheres (both alginate-TMOS and alginate-M600) the release of 
calcium ions was lower at low HCl concentrations and also increased less 
significant with higher HCl concentrations. The slightly higher release of 
calcium(II) from the alginate-TMOS microspheres, compared to the alginate-silica 
M600 microspheres, can be attributed to the fact that the absolute concentration 
of sodium alginate was slightly higher in the original solution of sodium alginate 
(3.0 wt% vs. 3.0 % (wt/vol), respectively). The way in which silica was 
incorporated, did not seem to have an influence on the retention of coagulated 
calcium(II) ions. 
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7.3.9 ADSORPTION PERFORMANCE 
 
As these functional microspheres are intended for hydrometallurgical applications, 
they must meet some specific requirements. It was already mentioned that the 
droplet coagulation technology should be feasible to produce high-performance 
microspheres on a large industrial scale. Microspheres can be conveniently used as 
ion-exchange resin materials in large column set-ups. Furthermore, it is important 
that the microspheres have a high adsorption capacity, with affinity for the metal 
ions of interest. They should also be reusable during consecutive 
adsorption/desorption cycles without loss of efficiency. 
 
Adsorption was studied for Nd(III) as a model element for the rare-earth ions. It 
was reported before that alginate is able to coordinate rare-earth ions, thanks to 
the presence of carboxylic acid functional groups on the alginate moieties.40 The 
uptake of Nd(III) was investigated as a function of the equilibrium pH for alginate-
TMOS and alginate-M600 microspheres (Figure 45). Also the influence of drying 
on the adsorption amount was investigated. 
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Figure 45: Adsorption of Nd(III) ions from an aqueous solution by alginate-silica microspheres 
as a function of pH. c(Nd3+) = 2.00 ± 0.02 mM; volume = 10.0 mL; contact time = 4 h; 
mass adsorbent = 500 ± 5 mg. The adsorption values for the wet spheres were corrected to dry 
functional mass. 
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The adsorption curves (Figure 45) show typical sigmoidal shapes as a function of 
pH, due to deprotonation of the carboxylic acid groups when going to higher pH 
values. At pH = 1, there is hardly no affinity for Nd(III). At a pH of 5−6, maximum 
adsorption is obtained. Note that precipitation of Nd(III) only occurs at pH > 6 
at this concentration. The wet alginate-M600 microspheres showed the highest 
absolute adsorption amount for Nd(III). A probable explanation is that the share 
of organic (functional) material is higher here, compared to the alginate-TMOS 
microspheres, where a higher mass ratio consists of silica. However, considering 
the share of alginate, the relative adsorption amount for Nd(III) is higher for the 
alginate-TMOS microspheres, probably attributable to the higher specific surface 
area: 216.1 m²/g for alginate-TMOS, compared to 4.6 m²/g for alginate-silica 
M600. A higher specific surface area is correlated with a better accessibility of the 
available functional groups. It is interesting to observe how the incorporation of 
silica can alter the adsorption performance of the hybrid microspheres. It was also 
observed that the (air-)dried alginate-silica M600 microspheres showed a lower 
adsorption amount for Nd(III) compared to the wet microspheres. Since the 
microspheres shrunk during the drying process, the porosity lowered and cracks 
may have formed. Hence, besides resulting in an improved eluent flow through a 
column, the high porosity in the wet microspheres also results in an improved 
adsorption capacity by a higher availability of the functional groups in these 
particles, thus facilitating the chelation mechanism. It is also important to mention 
that the adsorption capacities obtained with these alginate-silica microspheres were 
higher than the ones obtained in Chapter 3 with EDTA- and DTPA-functionalized 
chitosan-silica powder.214 Although chitosan powder had to be functionalized with 
the metal-chelating ligands EDTA and DTPA to improve its adsorption capacity, 
we now observe even higher adsorption capacities with non-functionalized 
alginate-silica microspheres,: 0.4 – 0.5 vs. 0.2 mmol Nd(III) per gram adsorbent, 
respectively, under similar experimental conditions and a comparable share of 
functional, organic material in the total, hybrid sorbents, thanks to the intrinsic 
presence of carboxylate groups in the alginate structure. Next to that, Wang et al. 
(2013) reported separation coefficients between Nd(III) and other metal ions for 
similar alginate adsorbents, following the order Fe(III) > Nd(III) > Al(III) > 
Cr(III) > Cu(II) > V(V) > Ni (II) > Co(II) > Mn(II) >> Cr(VI).155 Based on this, 
we strongly believe in the application potential of this kind of microspheres to 
recover minor amounts of valuable metals (like the REEs) from waste streams, 
and to separate them from other metal ions with a lower affinity. The co-presence 
of Fe(III) should be avoided by appropriate leaching procedures, like sulphate 
roasting.201 Residual amounts of Fe(III) contamination could be removed from 
solution by selective precipitation, thus exploiting its hydrolysis behavior.202  
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7.3.10 STRIPPING AND REUSABILITY 
 
After adsorption of metal ions from solution, desorption is required for further 
processing and regeneration of the adsorbent. This was done by contacting the 
loaded particles with acidified solutions. The microspheres were first loaded by 
adsorption from an aqueous Nd(III) solution. The effect of the HCl concentration 
on the amount of stripping is shown for alginate-TMOS and alginate-silica M600 
microspheres in the Appendix (Figure A2). The stripping proceeded easily. No 
concentrated acid or complex chelating solutions were necessary to desorb the 
loaded metal ions from the sorbents. Full stripping of immobilized Nd(III) ions 
was already observed with a HCl concentration of 0.25 M. This was expected as 
this concentration equals a pH of about 0.56, which is lower than 1.00 (at which 
pH the affinity for Nd(III) was negligible). However, it was beneficial that full 
stripping was obtained with mildly acidic solutions, since harsh conditions would 
probably have an influence on the adsorption performance of the particles. 
 
The reusability was investigated for the alginate-silica M600 microspheres. A 
certain amount was subjected to 7 consecutive adsorption/desorption cycles and 
the resulting adsorption value was compared with the original adsorption amount 
to determine the adsorption efficiency (Figure 46). 
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Figure 46: Evolution of the adsorption efficiency of alginate-silica M600 microspheres for 
consecutive adsorption/desorption cycles of Nd(III). All parameters were the same in each cycle. 
c(Nd3+) = 1.00 ± 0.01 mM; volume = 10.0 mL; pHin = 4.0; contact time = 4 h; mass 
adsorbent = 500 ± 5 mg; stripping solution = 0.5 M HCl (10.0 mL); stripping time = 1 h. 
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The adsorption efficiency decreased with almost 20% in the second adsorption 
cycle. This is probably due to conformational changes by the acidic attack during 
the first stripping step. Since the overall coagulation structure of the microspheres 
is remained intact during consecutive stripping steps, the calcium ions tightly held 
by egg-box interactions between alginate G-blocks seemed not to experience any 
damage from the stripping. However, we believe that the weak junctions in MG-
blocks were destroyed by replacing the calcium(II) ions with protons.120 As a 
consequence, the ‘pre-orientation’ of certain functional groups, induced by the 
coordination of calcium(II) from the coagulation bath, is lost and as a result, 
coordination of neodymium(III) becomes less favorable. The residual capacity 
remained quite constant. In none of the subsequent cycles, further significant loss 
in adsorption efficiency was observed, which can be explained by the fact that all 
weakly-stabilized conformations were already destroyed in the first stripping step. 
These findings were supported by the observation of calcium(II) release during the 
first stripping step, but no longer during consequent stripping steps. After the 7th 
adsorption cycle, the adsorption efficiency is still higher than 80%. Moreover, the 
observed (minimal) decrease after the second cycle could more likely be attributed 
to physical losses because of the manual handlings during consecutive 
adsorption/desorption cycles, rather than to physical or chemical damage to the 
particles because of the stripping treatment. Hence, the functional microspheres 
can be considered sustainable materials. If one prefers an adsorption efficiency that 
is constant over time, one may include an acidic treatment of the microspheres in 
the last step of the synthesis procedure. This way, calcium(II) ions that were 
adsorbed from the coagulation solution are washed out and and the occurrence of 
specific conformations that could prefer coordination of certain metal ions only in 
the first cycle is avoided.  
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7.4 CONCLUSIONS 
The vibrating-nozzle technology was used to make high-performance 
microspheres by droplet coagulation of a sodium alginate solution in a solution of 
CaCl2. The synthesis was straightforward and easily convertible to industrial scale. 
Silica was incorporated (1) by soaking pure alginate microspheres in a TMOS 
solution to induce in-situ silica polymerization reactions, and (2) by adding silica 
powder to the alginate solution, prior to coagulation. The microspheres of alginate-
silica M600 composite material and alginate-TMOS IPN material were fully 
characterized regarding their morphology and composition. Addition of silica 
powder to the alginate solution was considered useful given the easy one-step 
approach and highly predictable characteristics of the composite material as arising 
from the characteristics of the added silica source. On the other hand, the 
formation of an IPN material resulted in a higher resistance to shrinkage during 
drying and a higher specific surface area, thus a better availability of the functional 
groups. In the framework of their use in hydrometallurgical applications, the 
microspheres were shown to be stable in a broad acidity range. The carboxylic acid 
groups intrinsically present on the alginate chains showed a high affinity for 
neodymium, considered here as a model element for the group of the REEs. The 
adsorption amount for neodymium(III) reached 0.43 mmol·g-1 for alginate-TMOS 
and 0.46 mmol·g-1 for alginate-silica M600 microspheres. Stripping of loaded 
microspheres was achieved with hydrochloric acid. A concentration of 0.25 M was 
already sufficient to get 100% stripping. The microspheres are considered to be 
sustainable materials, as the adsorption efficiency remained constant during 
consecutive adsorption/desorption cycles, apart from a drop after the first 
desorption cycle. 
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GRAPHICAL ABSTRACT 
 
 
 
 
Multifunctional alginate-sulfonate-silica sphere-shaped materials were developed from alginate 
biopolymer and fully characterized. The adsorbent particles were investigated for the selective 
recovery of the minor element indium(III) from the major matrix in a simulated leachate of a 
typical zinc refinery residue. 
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ABSTRACT 
 
 
A straightforward procedure was developed for the synthesis of surface-modified 
organic-inorganic hybrid sorbent materials derived from alginate. Sphere-shaped 
particles were produced by gravitational droplet coagulation and chemically 
modified by soaking in a solution of the silica precursor tetramethyl orthosilicate 
(TMOS) and the functionalized organosilane (3-mercaptopropyl) trimethoxysilane 
(MPTMS). Upon oxidation of the thiol groups by hydrogen peroxide, sulfonic acid 
groups were obtained, homogeneously distributed over the hybrid polymer matrix. 
Three different particle sizes (2.2, 2.8 and 3.5 mm in diameter) were made to 
evaluate differences in material properties and the corresponding adsorption 
behavior. The alginate-sulfonate-silica (ASS) particles were characterized by 
Raman spectroscopy, optical microscopy and scanning electron microscopy. The 
specific surface area, porosity, mechanical strength and chemical composition were 
determined. Subsequently, the functionalized materials were examined for the 
recovery of indium from secondary resources. Adsorption of indium(III) was first 
investigated in batch mode, from single-element solutions to evaluate adsorption 
parameters, such as kinetics and adsorption capacity, and from a binary 
gallium(III)-indium(III) solution and a simulated leachate of a zinc refinery residue 
to investigate the selectivity. The adsorbent particles showed a high adsorption 
capacity and selectivity for indium(III). They showed hardly any affinity for the 
major elements in the leachate, such as cadmium(II) and zinc(II). By using the 
multifunctional spheres as the stationary phase in a gravitationally eluted 
chromatography column, it was shown that the valuable minor elements, 
indium(III) and gallium(III), could be separated from the major elements present 
in the feed solution. 
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8.1 INTRODUCTION 
Adsorption is considered to be the key technology to recover low concentrations 
of valuable metals from large volumes of dilute waste streams. The interest for 
using biopolymers as sorbent materials is increasing, because of their high natural 
abundance, biodegradability and low-cost production, in contrast with 
commercially available resins.87-90 Alginate is a naturally occurring anionic 
polysaccharide, that consists of (1-4)-linked moieties of β-d-mannuronate (M) and 
its C-5 epimer, α-l-guluronate (G).120 It is derived from brown algae, where it 
contributes to the strength and flexibility of the cell wall.107 Thanks to the high 
availability of functional groups, alginate shows a high adsorption capacity for 
metal ions.110,155,192,255,272-274 Another advantage of alginate is the high suitability for 
shaping purposes, since it is capable of forming a stable hydrogel by ionotropic 
gelation with multivalent cations.120,165 For use as stationary phase materials in 
industrial chromatography columns, the physical morphology of adsorbent 
particles is as important as the chemical composition. Shaping of resin materials 
into spheres facilitates the transport, storage and handling in comparison with 
powders and avoids safety issues related to dust formation by powders.163 Also, a 
homogeneous eluent flow through chromatography columns can be guaranteed 
without the occurrence of clogging. Further improvements to the material 
structure can be achieved by combining the biopolymer with silica in a single 
hybrid material. This allows to combine the advantages of the biopolymer, such as 
a high adsorption capacity, with the mechanical properties of a robust and stable 
inorganic substrate.145 As a result, the hybrid materials show superior sorbent 
properties, like higher porosity, less swelling and better resistance against acids.142 
In a previous paper, we described the combination of alginate microspheres with 
silica to form a hybrid interpenetrating network (IPN) material, by simply soaking 
the microspheres in a solution of the silica precursor tetramethyl orthosilicate 
(TMOS).152 Advantages of sol-gel technology include the possibility to tune the 
porosity and to obtain materials with a high specific surface area and a 
homogeneous distribution of active sites on the pore surfaces.283,284 Moreover, sol-
gel chemistry enables the development of highly selective adsorbents by 
incorporation of organic ligands, which form stable complexes with specifically 
targeted metal ions.158,199,285,286 In the alginate-TMOS spheres, a high adsorption 
capacity for neodymium(III) was attributed to the abundant presence of carboxylic 
acid groups on the surface of the alginate matrix.152 We have also reported on the 
surface modification of chitosan-silica hybrid materials with different organic 
ligands, including EDTA/DTPA and EGTA, for the selective adsorption of 
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lanthanides and scandium, respectively.21,214 Here, the amino groups on the 
chitosan backbone were used as an anchor point for the immobilization of the 
organic ligands. However, a general trend became obvious for all of these hybrid 
particles, in the sense that increasing amounts of silica always resulted in a 
decreasing adsorption capacity, as a consequence of the lower share of functional 
organic material in the total hybrid particles. This raised interest in a silica 
component that can contribute to the selective uptake of metals as well, instead of 
simply having the function of a solid support. By incorporation of functionalized 
organosilane molecules in the material structure, one could combine several 
advantages through a simple one-step hybridization/ functionalization procedure. 
Thus, high-performance sorbent materials with superior physical and chemical 
characteristics can be obtained, by improving both the stability of the particle 
structure and the stability of metal chelation, respectively. Moreover, by 
incorporating organic ligands in the silica network, which are not intrinsically 
present in the biopolymer matrix, one obtains “multifunctional” materials. This 
way, it becomes very easy to adjust the selectivity of an adsorbent to specifically 
targeted metals, which is of high value in the field of metal recovery and separation. 
As an example, it is well known that the affinity of sulfonic acid (-SO3H) resins for 
metal cations varies with the charge and size of the cation. Generally, the affinity 
increases with increasing valency and for ions with the same charge, the affinity 
increases with the ionic radius:131 Th4+ > In3+ > Fe3+ > Ga3+ > Al3+ > Ca2+ > Zn2+ 
> Mg2+ > Na+. Therefore, immobilization of -SO3H functional groups on 
spherically shaped alginate might be interesting for the selective uptake of indium. 
This high-tech metallic element is crucial for the development of a sustainable low-
carbon society.38 Indium compounds are used in transparent electrodes of liquid 
crystal displays (LCDs) and flat display panels, and as semiconductor materials in 
photovoltaic solar cells, LEDs and lasers.37 Although the demand of indium is 
expected to increase in the future, no specific indium ores exist and it is only 
produced as a by-product from the processing of zinc ores and to a lesser extent 
from copper, lead and tin ores.37 Indium is therefore considered a critical metal 
and sustainable, efficient and highly selective methodologies are required for its 
recovery. Solvent extraction of indium(III) has been thoroughly investigated, both 
from industrial process streams, like zinc refinery residues, and from recycling of 
End-of-Life products, like LCDs.33,287-304 But, for the recovery of indium as a 
minor element from dilute waste streams, adsorption is generally considered to be 
a more suitable technology.98,305-308  
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8.2 EXPERIMENTAL 
8.2.1 CHEMICALS 
 
Scogin® MV (medium viscosity) sodium alginate was kindly supplied by FMC 
BioPolymer (Philadelphia, USA). (3-Mercaptopropyl) trimethoxysilane (MPTMS, 
> 96.0%) was purchased from TCI Co. (Zwijndrecht, Belgium). Tetramethyl 
orthosilicate (TMOS, ≥ 98.0%) and calcium chloride (≥ 96.0%, anhydrous, 
powder) were purchased from Sigma-Aldrich (Diegem, Belgium). Cadmium oxide 
(99.9%) was ordered from Ventron GMBH (Karlsruhe, Germany), zinc sulfate 
monohydrate (> 99.9%), iron(III) sulfate hydrate (> 99.9%) and 2-propanol 
(isopropanol) GPR Rectapur (100.0%) from VWR Chemicals BDH Prolabo 
(Leuven, Belgium), cobalt(II) sulfate heptahydrate (99+ %) and sulfuric acid (96%) 
from Acros Organics (Geel, Belgium), nickel(II) sulfate hexahydrate (> 99%) from 
J.T. Baker Chemicals B.V. (Deventer, Holland), aluminium(III) sulfate 
octadecahydrate (> 99.9%), nitric acid (65+ %), Disinfectol® ethanol denatured 
with 3% diethyl ether for laboratory use, hydrogen peroxide 35 wt% solution 
(stabilized, analytical reagent) and 1000 µg mL−1 ICP standard solutions from 
Chem-Lab NV (Zedelgem, Belgium), indium(III) sulfate (anhydrous, for synthesis) 
from Merck Schuchardt OHG (Hohenbrunn, Germany), gallium(III) sulfate 
hydrate (Puratronic®, 99.999%) from Alfa Aesar (Karlsruhe, Germany) and 
germanium(IV) oxide (> 98.5%) from Fluka AG (Buchs, Switzerland). Ethanol 
(Ph. Eur. absolute) was ordered from VWR Prolabo BDH (Leuven, Belgium). All 
chemicals were used as received without further purification. Water was always of 
ultrapure quality, deionized to a resistivity of > 18.2 MΩ·cm with a Sartorius 
Arium Pro ultrapure water system. 
 
8.2.2 EQUIPMENT AND ANALYSIS 
 
Mixing of alginate solutions was done with an IKA® EUROSTAR 60 overhead 
stirrer. The rheology of the alginate solutions was measured with a HAAKE MARS 
Modular Advanced Rheometer System (Thermo Electron Corp, Germany). 
Samples were measured in a coaxial cylinder cup (Z43, DIN 53017) with a rotor 
spindle (Z41, DIN 53018) at 25 °C. Rheology curves were provided in a shear rate 
interval between 1 and 1000 s-1, measured over 600 s. With a FESTO VPPE-3-1-
1/8-2-010-E1 proportional pressure regulator, the pressure on the feed vessel was 
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set to pump alginate solution through the droplet forming nozzle. Precision tips 
with varying diameters were ordered from Nordson EFD, East Providence, USA. 
Centrifugation was done by means of an Eppendorf 5804 centrifuge. pH 
measurements were performed using a Mettler-Toledo SevenCompact pH meter 
combined with a Hamilton Slimtrode pH-electrode. Shaking of the spheres was 
done on an open-air platform Thermo Scientic MaxQ 2000 benchtop orbital 
shaker. For analysis, the spheres were dried by supercritical CO2 drying to remove 
all liquid in a controlled way, without capillary forces damaging the raw structure 
(size, porosity). This was done by using a BAL-TEC CPD 030 Critical Point Dryer. 
Prior to drying, water was gradually (in five steps) replaced in the spheres by 
ethanol, which is miscible with liquid CO2. Replacement of ethanol in the spheres 
by liquid CO2 was done by repeatedly refreshing the medium in the pressure 
chamber with liquid CO2, rinsing and draining (five times). Subsequently, the 
temperature and the pressure in the drying chamber were increased above the 
critical point of CO2, which is at 31 °C and 73.8 bar. By gently releasing gaseous 
CO2, the pressure of the chamber decreased again to atmospheric pressure, leaving 
the dried product behind. Raman spectra were recorded at an excitation 
wavelength of 1064 nm on a Bruker Vertex 70 spectrometer equipped with a RAM 
II FT-Raman module (Bruker Optics) and operating at a power of 500 mW. 
Microscopic images were taken with a Zeiss SteREO Discovery V12 microscope, 
equipped with a Plan Apo S 1.0x FWD 60 mm objective, a digital Axiocam MRc 
camera and a KL2500 LCD light source. Based on these images, particle size 
analysis was carried out on a minimum of 100 spheres with the AxioVision 4 
Module Particle Analyzer software. Surface and cross-sectional morphology of the 
spheres were analyzed with a Field-Emission Gun Scanning Electron Microscope 
(FEG-SEM) type Nova Nanosem450 (FEI, USA). The backscatter electron 
detectors (BSDs) included a concentric backscatter (CBS) detector (FEI, USA). To 
avoid charging under the electron beam during SEM, all samples were coated 
before measurement with a thin Pt(80)/Pd(20) layer ( 1.5 nm) by a Cressington 
208 HR high resolution sputter-coater. Cross-sections of the spheres were 
prepared by embedding them in CaldoFix resin at room temperature. The 
mounted spheres were polished, first with polishing paper at a force of 15 N, then 
with a 3 µm diamond suspension at a force of 15 N and finally with a 1 µm 
diamond suspension at a force of 15 N. Compressive strength measurements were 
performed on an Instron® 5582 Universal Testing Machine. A 100 N load cell was 
used. Maximal compressive force before cracking was determined on single 
spheres at a temperature of 20 °C, an air humidity of 35 % and with a test velocity 
of 0.5 mm min-1. Carbon Hydrogen Nitrogen Sulfur (CHNS) elemental analyses 
were obtained with the aid of a LECO TruSpec® Micro CHN analyzer (628 series) 
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with sulfur module. The measurement method consisted of combustion in oxygen 
atmosphere and infrared detection for C, H and S, and thermal conductivity 
detection for N. Specific surface area and porosity were determined with a 
Quantachrome Auto-sorb-iQ automated gas sorption analyzer. Samples were 
outgassed under vacuum at room temperature. Area-volume data were obtained 
from N2 adsorption and desorption isotherms at liquid nitrogen temperature by 
the Brunaeuer-Emmett-Teller (BET) method. Thermogravimetric analyses (TGA) 
were performed with a Netzsch-Gerätebau STA 449 C Jupiter thermo-
microbalance. Samples were analyzed from ambient temperature to 1000 °C under 
nitrogen atmosphere at a heating rate of 5 °C min-1. Metal ion concentrations were 
determined by ICP-OES, with a Perkin Elmer Optima 8300 spectrometer 
equipped with an axial (AX)/radial (RAD) dual plasma view, a GemTip 
Cross-Flow II nebulizer, a Scott double pass with inert Ryton® spray chamber and 
a demountable one-piece Hybrid XLT ceramic torch with a 2.0 mm internal 
diameter sapphire injector. Reported wavelengths and view mode (AX/RAD) are 
summarized in the Appendix (Table A7). Samples, calibration solutions and quality 
controls were diluted in HNO3 (2 vol%). All ICP spectra were measured in 
triplicate. Gravity-flow chromatography separation experiments were performed 
with a BIO-RAD Econo-Column®, a glass chromatography column with 
dimensions 0.7 × 30 cm, a bed volume of 12 mL and a cross-sectional area of 0.39 
cm². The column was filled with ASS spheres with a diameter of 3.5 mm. Low 
pressure was applied to ensure a close packing of the resin material. Distinct 
fractions were manually collected and analyzed ex-situ by ICP-OES. 
 
8.2.3 SYNTHESIS AND CHARACTERIZATION 
 
Pure alginate spheres were formed by gravitational droplet coagulation. First, 
alginate solutions were made by mixing a certain amount of sodium alginate with 
water. A vortex was created at 750 rpm, and the sodium alginate was added slowly. 
After 1 h, the solutions were homogeneous and allowed to settle for 24 h. Then, 
spheres were created with a custom-made automated gravitational droplet 
coagulation system.157 Under pressure, the alginate solutions were pumped from 
the feed vessel to a nozzle, to which fluid dispensing systems (with variable 
diameters) were attached. The gravitationally formed droplets were caught in a 
coagulation solution of 2.5% (wt/vol) CaCl2, in order to chemically fix the 
structure by coagulation with Ca(II) ions. In the coagulation bath, a vortex was 
created with a magnetic stirrer at 250 rpm.  
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A first batch of alginate spheres was made from a solution of 1.0% (wt/vol) 
sodium alginate. This batch was used for experiments related to development of 
the functionalization procedure. After optimization of the experimental 
conditions, three batches of alginate spheres were made to enable a comparative 
study regarding several parameters related to the particle size. The particle size was 
varied by increasing the viscosity of the alginate solution, in turn adjusted by 
increasing the sodium alginate concentration. Solutions of respectively 1.0% 
(wt/vol), 1.5% (wt/vol) and 2.0% (wt/vol) of sodium alginate were made. The 
solutions were dripcasted with a six-nozzle system through tips with a diameter of 
600 µm, 1.55 mm and 2.50 mm, respectively. This respectively required a vessel 
pressure of 20, 30, and 50 mbar. The spheres were kept in the CaCl2 solution for 
24 h. Then they were washed with water and the solvent was exchanged in three 
steps to isopropanol. During each intermediate step, the spheres were shaken at 
250 rpm for 1 h.  
 
Hybridization/functionalization consisted of a soaking procedure during which 
both the hydrolysis of functionalized trimethoxysilane molecules to silanol entities 
occurred and the further condensation to 3-mercaptopropyl-containing silica 
polymers. Pure alginate spheres in isopropanol were mixed in a 1:1 volume ratio 
with a 1:1 (volume based) mixture of TMOS and MPTMS. The reaction mixture 
was shaken for 52 h at 250 rpm. The spheres were washed three times with 
isopropanol for 30 min and stored in water for 12 h. In this case, the isopropanol 
washing step had an important effect on the observed degree of silica 
polymerization. More intensive washing (more washing steps or longer washing 
times) resulted in lower silica contents in the final hybrid materials. Then, oxidation 
of thiol groups to sulfonic acid groups was achieved by mixing the spheres in a 1:1 
volume ratio with an aqueous solution of H2O2 (30.0 wt%).309,310 The reaction 
mixture was shaken for 4 h. As a result, a multifunctional hybrid alginate-silica 
material was formed, containing both hydroxyl and carboxylic acid groups 
intrinsically present on alginate, and sulfonic acid groups attached to silica. The 
particles were washed first with water for 1 h, subsequently with an aqueous 
solution of H2SO4 (0.1 M) for 1 h and finally stored in water. 
 
A full characterization study was performed on the different spheres. For this, the 
particles were dried by supercritical CO2 to avoid collapse of the sphere structure 
(porosity and circularity). Raman spectroscopy was used to confirm that the 
functionalization step was successful. Optical microscopic images were taken of 
both gelled as well as dried spheres and used to carry out a particle size analysis. 
These data were also used to measure the shrinkage of the beads upon drying. The 
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surface morphology was investigated by scanning electron microscopy (SEM). 
Cross-sections of the ASS spheres were made, allowing the construction of 
element mappings. Mechanical strength values were measured for wet as well as 
dry spheres. Nitrogen gas sorption data were used to evaluate the porosity and the 
specific surface area by BET analysis. The thermal stability was measured by 
thermogravimetric analysis (TGA). The residual mass was a measure for the share 
of inorganic silica material in the hybrid particles. In addition, the composition was 
investigated by elemental analysis of carbon (C), hydrogen (H), nitrogen (N) and 
sulfur (S). A large batch of functionalized spheres was made from a 2.0% (wt/vol) 
alginate solution for the column separation experiments. 
 
8.2.4 INDIUM RECOVERY 
 
A single-element In(III) stock solution was prepared by dissolving In2(SO4)3 in 
water, with [In(III)] = 25.00 mM and the pH = 2.12. A binary metal solution was 
prepared from Ga2(SO4)3 and In2(SO4)3 in water, with [Ga(III)] =12.50 mM, 
[In(III)] = 12.50 mM and the pH = 2.17. For the preparation of a synthetic leach 
solution from a typical zinc refinery residue, a literature composition was followed 
and the composition is described in Table 20 (pH = 1.22).293 Most metals were 
added as the corresponding sulfate salts. Only Cd(II) and Ge(IV) were added as 
their oxides and dissolved by adding a small amount of H2SO4 to the solution. 
 
Table 18: Metal ion composition of synthetic leach solution from zinc refinery residue 
Element CdII ZnII CoII NiII FeIII AlIII InIII GaIII GeIV 
Concentration 
(mmol·L-1) 
500 244 14.8 8.37 9.33 19.8 0.514 0.396 0.413 
 
Adsorption experiments were conducted in batch mode. For each experiment, 
aliquots of the stock solution were properly diluted to a final volume of 10.0 mL. 
Droplets of diluted H2SO4 (1.0 M) or NaOH (1 M) were added to decrease or 
increase the pH, respectively. Wet ASS spheres were counted in order to obtain a 
corresponding dry mass of 25.0 (± 0.5) mg, and added as such to the vials. 
Solutions were stirred at room temperature with a magnetic stirring bar at 300 rpm. 
After 8 h, unless stated otherwise, adsorption was ended by separating the 
functionalized particles from the aqueous solution by filtration with a syringe filter 
of regenerated cellulose, having a pore size of 0.45 µm. The remaining metal ion 
concentration of the aqueous solution was measured by ICP-OES in order to 
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determine the adsorption amount. In the desorption experiments, ASS particles 
were loaded from the pure leachate solution (5.0 mL) and washed with water (5.0 
mL) for 1 h prior to the actual desorption step. Desorption was achieved by 
shaking the loaded particles for 4 h in strip solutions of different H2SO4 
concentrations (5.0 mL). 
 
Separation experiments were done by gravity-flow chromatography. Prior to 
addition of the sample, the column (with dimensions 0.7 × 30 cm) was set at neutral 
pH by rinsing the column with water. The leachate solution (10.0 mL) was applied 
over 16 h. Solutions of increasing acidity, ranging from 0.01 to 1.00 M H2SO4, were 
flown through the column at a rate of 0.75 mL·min-1 to gradually elute the 
stationary phase from loaded metals. Distinct fractions (10.0 mL) were collected 
and their composition analyzed ex-situ to record a chromatogram (metal 
concentration as a function of elution volume) for the full experiment. After each 
experiment, the column was extensively washed with water and stored at neutral 
pH. 
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8.3 RESULTS AND DISCUSSION 
8.3.1 SYNTHESIS 
 
Multifunctional, sphere-shaped alginate-sulfonate-silica (ASS) adsorbent particles 
were developed by following a synthesis strategy that consisted of three main steps: 
(1) formation of spherical alginate particles; (2) simultaneous hybridization and 
functionalization by soaking the spheres in a silica precursor solution of TMOS 
and MPTMS; and (3) oxidation of the immobilized thiol groups to sulfonic acid 
groups by hydrogen peroxide. Given the concurrent presence of hydroxyl and 
carboxylic acid groups, a multifunctional hybrid sorbent material is formed this 
way. A schematic representation of the likely chemical structure of the ASS 
particles is presented in Scheme 10. 
 
 
Scheme 10: Proposed chemical structure of ASS particles. The functional groups (sulfonate in 
red, carboxylate in green and hydroxyl in blue) are homogeneously distributed over the alginate-
silica hybrid matrix. 
Solutions of respectively 1.0% (wt/vol), 1.5% (wt/vol) and 2.0% (wt/vol) of 
sodium alginate were made with the aim to obtain alginate spheres with different 
particle sizes. In Figure 47, rheological data of sodium alginate solutions with 
different alginate concentrations are fitted with the Ostwald−de Waele (power-law) 
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model, which is based on Equation 15 (Chapter 7, §3.1).280 The empirical parameters 
derived from fitting the Ostwald−de Waele model to the experimental data give 
information on the flow behavior and the consistency of the solution (Table A8). 
The sodium alginate solutions showed shear-thinning behavior: the higher the 
shear rate, the lower the apparent viscosity. Additionally, a higher sodium alginate 
concentration resulted in an upward shift of the viscosity curve, as expected. 
Solutions with different viscosities may be used to obtain droplets with different 
diameters, due to a changing surface tension. 
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Figure 47: Ostwald−de Waele viscosity fits at 25 °C for solutions of sodium alginate (1.0% 
(wt/vol), 1.5% (wt/vol) and 2.0% (wt/vol)), after 24 h of settling. 
Spherically-shaped gel beads were produced by gravitational droplet coagulation. 
Solutions of sodium alginate were dropped into a coagulation solution of CaCl2 
(2.5% (wt/vol)). Ca(II) ions in solution then coordinated to alginate chains in the 
formation of a coagulated network, thus chemically fixing the spherical structure 
as a solidified gel. Different parameters could be varied to alter the particle size 
and the morphology of the coagulated particles, such as the solution viscosity 
(proportional to the alginate concentration), the nozzle diameter, the feed pressure 
and the composition of the coagulation solution. At this point, the alginate beads 
were visually observed to be monodisperse and spherical, so the spheres were 
washed and stored in isopropanol. 
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The next step comprised optimizing the incorporation of a silica matrix by using 
TMOS as a silica precursor. First, the conditions to form the silica network were 
optimized. It was found that lower alcohols were the most suitable solvents for 
this purpose. In more polar solvents, like water, a very high degree of 
polymerization reactions resulted in solidification of the complete reaction 
medium. On the other hand, non-polar solvents like heptane have demonstrated 
not to be useful given the hydrophilic nature of the biopolymer and the lack of 
protons required to catalyze the polymerization reactions. Of the investigated 
alcohols, namely methanol, ethanol and isopropanol, the latter yielded the highest 
silica percentages and was thus chosen for the functionalization procedure. Next, 
silica formation was optimized by variation of the reaction mixture composition, 
as visualized in Figure 48.  
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Figure 48: Optimization of silica percentage by variation of the reaction mixture composition, 
which consists of three components: alginate spheres, TMOS and isopropanol. The share of each 
component is expressed as a volume based ratio in proportion to the total reaction mixture. For 
example, a mixture may contain 3/6 spheres, 1/6 TMOS and 2/6 isopropanol. The 
composition of choice is indicated in the figure by a red cross. 
More silica was formed with a higher share of alginate spheres in proportion to the 
total reaction mixture. In this case, a higher efficiency of silica polymerization is 
probably due to the higher number of hydroxyl and carboxylic acid groups, 
originating from the alginate matrix. These functional groups could provide 
protons to catalyze the TMOS hydrolysis reactions and possibly serve as well as 
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nuclei to start silanol condensation reactions in the formation of a silica network. 
Residual presence of water in the isopropanol-soaked spheres may be another 
explanation for the enhanced silica formation with a higher share of alginate 
spheres. No higher silica percentages were observed when more than 50% of the 
mixture was composed of alginate spheres (i.e. a share > 3/6). When the share of 
spheres was kept constant (1, 2 or 3 parts, respectively) an increase in silica 
formation was observed with higher amounts of TMOS. This is no surprise, since 
TMOS is the silica precursor molecule. However, also the cost price must be 
considered. In the reaction mixtures composed of 3/6 alginate spheres, the silica 
percentage did not change considerably when using either 1/6 or 2/6 TMOS. 
Therefore, it was decided to use the amount in between, to obtain a composition 
with 3/6 alginate spheres, 1.5/6 TMOS and 1.5/6 isopropanol. This corresponds 
to a reaction mixture which contains 50% of alginate spheres and 50% of a 1:1 
TMOS-isopropanol solution. For this composition, also the kinetics of silica 
formation were studied. A plateau value was reached after 48 h. At that time, the 
hybrid spheres were composed of 66% silica and 34% alginate. 
 
Finally, functionalized alginate-silica spheres were synthesized by replacing 
isopropanol in the reaction mixture with the functionalized organosilane (3-
mercaptopropyl) trimethoxysilane. MPTMS is the key precursor for the synthesis 
of sulfonic acid functionalized silica.311 It contains a thiol group, a stable propyl 
spacer and a hydrolyzable Si(OMe)3 moiety. Functionalized alginate-silica hybrid 
materials were prepared via hydrolysis and co-condensation of the primary building 
blocks TMOS and MPTMS, in the presence of alginate. The originally transparent 
alginate spheres turned white by this combined hybridization and functionalization 
reaction. The addition of TMOS to the reaction mixture appeared to be required 
for the functionalized organosilane to be incorporated. Probably, the 
corresponding silanol entities act as precursors for the organosilane molecules to 
undergo co-condensation reactions. With a lower share of TMOS, less silica (non-
functionalized and functionalized) was built in the hybrid structure. The 
immobilized thiol groups were easily converted to sulfonic acid groups by mild 
oxidation with an aqueous solution of H2O2 (30.0 wt%). The full functionalization 
(plus oxidation) procedure was repeated for three batches of alginate spheres with 
different particle sizes, in order to compare the resulting characteristics. The 
functionalized ASS spheres were stored in water. 
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8.3.2 CHARACTERIZATION 
 
The incorporation of thiol functional groups was evidenced by recording Raman 
spectra, revealing a S-H vibration band of medium intensity at 2579 cm-1.312 Raman 
bands at 1129 (Si-O-Si) and 950 cm-1 (Si-OH) were attributed to the presence of 
silica.313 A sharp peak at 2928 cm-1 was assigned to C-H symmetric stretching and 
the band at 1456 cm-1 to methyl bending. Also the oxidation step was validated by 
Raman spectroscopy. The S-H vibration band at 2579 cm-1 had disappeared in the 
sulfonate particles, a first indication of a successful oxidation. The presence of 
SO3H functional groups on the surface was further confirmed by an intense band 
at 1413 cm-1, presumably arising from an asymmetric stretch mode of SO2 
moieties.314 Also the extra peaks observed between 1250 and 1350 cm-1 were 
attributed to sulfur related (S-O/S-C) vibrations.249 
 
The morphology of the spheres was studied on three different levels, as presented 
in Figure 49: visual eye level, optical microscopy level and scanning electron 
microscopy level. Images taken by a digital camera and an optical microscope 
demonstrate that the spherical particles are highly uniform. They show a high 
circularity and a narrow particle size distribution. The highly porous structure of 
the particle surface can be observed on the image made by SEM analysis, which 
shows multiple channel openings. The porosity was further quantified by BET (vide 
infra). Besides investigating the surface morphology, cross-sections were made to 
analyze the inner particle structure. This allowed to make SEM element mappings 
as well (Figure A3). Element mappings show the spatial distribution of different 
elements in the sample. Line spectrums elucidated a homogeneous distribution of 
all composing elements over the hybrid polymer structure. On cross-sectional 
images of the ASS spheres, this is visualized for C and Ca, which represent the 
alginate matrix, for Si, which represents the silica matrix, and for S, which 
represents the sulfonic acid groups. Since there is no formation of a single silica 
layer around the alginate sphere, or randomly located clusters of functional groups, 
it is assumed that truly hybrid interpenetrating network materials were formed with 
functional groups homogeneously distributed over the hybrid polymer structure. 
A similar homogeneity was observed for the different particle sizes, thus indicating 
a solid and reproducible functionalization procedure. 
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     (a)           (b)              (c) 
Figure 49: Images of ASS spheres with an average diameter of 2.8 mm, taken by (a) a digital 
camera, (b) an optical microscope with a magnification of 8× and (c) a SEM microscope at an 
acceleration voltage of 5 kV, a working distance of 5.5 mm and a magnification of 10 000×. 
Particle size data are summarized in Table 19. The Feret ratio (Equation 16, Chapter 
7, §3.4) quantifies the degree of circularity.315 A Feret diameter is defined as the 
distance between two parallel tangential lines of a spheroid.315 A Feret ratio of 1 
indicates a perfectly spherical particle. A measure for the width of the particle size 
distribution is the d90/d10 value, defined by the ratio between the 90% largest and 
10% smallest spheres. The closer this ratio approaches a value of 1, the higher the 
monodispersity. Upon drying of the wet (gel) beads, shrinkage was observed. The 
shrinkage factor is defined by Equation 17 (Chapter 7, §3.6). Diameters were 
calculated as equivalent projected circle values. The equivalent projected circle is 
the diameter of a circle that has the same projected area as the actual particle.315 A 
Feret ratio higher than 0.90 quantitatively confirmed the high circularity of the 
three batches of ASS spheres. So did the d90/d10 value, which was very close to 1 
for each batch, meaning that the spheres were nearly monodisperse. Uniform, 
spherical particles have the advantage that they allow very close packing of the 
solid phase in a chromatography column, thus maximizing (ion) exchange with the 
(aqueous) mobile phase and avoiding preferential percolation pathways. The 
average diameter was determined for the different batches. The values were 2.2, 
2.8 and 3.5 mm, respectively. The particle size was varied to address potentially 
different material characteristics or adsorption performance. The shrinkage 
observed upon drying (about 25%) indicated a partial collapse of the particle 
structure. 
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Table 19: Particle size analysis of alginate-sulfonate-silica (ASS) spheres; mean values for Feret 
ratios, d90/d10 values (wet spheres), particle diameters (both wet and dried spheres), and calculated 
shrinkage factor (upon supercritical CO2 drying of wet spheres) 
 
Diameter 
(mm) 
Feret 
ratio 
d90/d10 
 
Shrinkage 
factor 
 wet spheres dried spheres   (%) 
ASS 2.2 mm 2.21 ± 0.04 1.65 ± 0.04 0.93 1.03 25.5 
ASS 2.8 mm 2.84 ± 0.03 2.10 ± 0.04 0.94 1.02 26.0 
ASS 3.5 mm 3.54 ± 0.05 2.65 ± 0.02 0.94 1.05 25.2 
 
In order to provide information on the maximal force allowed on hybrid spheres 
when loading a chromatography column, compressive strength data were acquired 
(Table 20). Compressive strength data indicated that the gel spheres were quite 
fragile. The compressive strength increased with the particle diameter. For the 
largest particles (diameter of 3.5 mm), a compressive strength value of 0.20 N was 
obtained. Apart from hydrostatic and hydrodynamic pressure, this force 
corresponds more or less to a mass of 200 g per m². When using the adsorbent 
spheres in the gel state, column design is therefore very important. In larger 
columns, larger spheres should be used, since these can resist more stress before 
crushing. Upon drying of the gel beads by supercritical CO2, the compressive 
strength increased significantly. Up to 100 N, no breakage was observed for the 
dried ASS spheres with a diameter of 2.2 and 2.8 mm. By application of a 
compressive force, the spheres were irreversibly deformed to flat disks, but 
fractures only appeared in the largest spheres. Since compressive strength seemed 
to decrease in the dried spheres with increasing particle size, attention must be paid 
when upscaling the proposed functionalization procedure to larger particles. 
 
Table 20: Compressive strength of alginate-silica-sulfonate (ASS) particles 
 
Maximal compressive force 
(N) 
 gel spheres dried spheres 
ASS 2.2 mm 0.05 (± 0.01) > 100 
ASS 2.8 mm 0.08 (± 0.01) > 100 
ASS 3.5 mm 0.20 (± 0.02) 24 (± 4) 
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When developing resin materials for column chromatography, a proper liquid 
percolation and accessibility of the surface functionalities are important. Therefore, 
porosity and specific surface area were analyzed. The shape of the N2 adsorption-
desorption isotherms represented unrestricted monolayer-multilayer adsorption, 
which is normal for macroporous adsorbents.316 Additionally, the type of the 
hysteresis loop elucidated cylindrical pores.317 Area-volume data are summarized 
in Table 21. Specific surface areas were all higher than 250 m²·g-1. These high values 
could be attributed to the in-situ formed silica network and assure a good availability 
of the functional groups so as to maximize the adsorption capacity of the 
functionalized particles. From the average pore radius, it can be concluded that the 
ASS spheres are mesoporous materials and thus suitable for adsorption and 
separation of metal ions. Moreover, with a total pore volume higher than 1 mL·g-
1, the materials can be considered as highly porous. A high porosity is important 
to ensure fast exchange kinetics and an easy flow of the mobile phase through 
packed columns. The pore volume per unit mass decreased with increasing particle 
size. This may be attributed to a slower coagulation mechanism or a different 
impregnation mechanism in the larger particles. Note that the porosity could only 
be measured on dried spheres. However, as explained earlier, these particles shrunk 
about 25% in volume upon drying. Consequently, it is assumed that the actual 
porosity of the wet spheres is higher than the reported porosity of the dried 
particles in Table 21. It was therefore decided to perform adsorption experiments 
with the adsorbent particles in their gel state. 
 
Table 21: BET data of alginate-silica-sulfonate (ASS) particles 
 
Total pore 
volume 
(mL g-1) 
Average pore 
radius 
( ) 
Specific surface 
area 
(m² g-1) 
ASS 2.2 mm 3.02 167 362 
ASS 2.8 mm 1.68 108 336 
ASS 3.5 mm 1.43 100 264 
 
The composition of the ASS particles was investigated by two complementary 
techniques: TGA and CHNS element analysis. The amount of organic material in 
the ASS particles could be roughly estimated by determination of the mass change 
upon decomposition by heating to a temperature of 1000 °C. The residual mass 
consists of all inorganic material, hence not only the silica matrix, but also calcium 
carbonate formed from coagulated calcium in the alginate matrix.318 Although 
immobilized on the silica matrix, the sulfonic acid groups on the other hand belong 
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to the organic share of the total particles.319 From the mass loss derived from TGA 
traces, it seemed that the organic share was rather comparable for the different 
particle sizes: 40.9% for ASS 2.2 mm, 39.1% for ASS 2.8 mm, and 39.7% for ASS 
3.5 mm. This corresponds to approximately 60% of silica in the hybrid materials. 
TGA traces further elucidated that the thermal decomposition of the organic 
matrix started at T(onset) = 185 °C. 
 
To get better insight in the composition of the particles, a CHNS analysis was 
performed (Table 22). From these results, it was observed that the S mass 
percentage increased slightly with the particle size: from 6.8% in the spheres with 
a diameter of 2.2 mm to 7.4% in the spheres with a diameter of 3.5 mm. The 
corresponding degree of functionalization could be calculated by considering that 
the reported S content in the structure originated from sulfonic acid groups 
attached by a propyl spacer to the particles. Note that the mass percentage of C is 
attributed to both alginate and propyl moieties. The degree of functionalization 
calculated from the S mass percentage was slightly higher for the larger particles: 
28.4% for spheres with a diameter of 3.5 mm, compared to 26.1% for spheres with 
a diameter of 2.2 mm. This could possibly be explained by the availability of 
alginate -OH groups initiating the silica polymerization reactions during 
functionalization. Since the inorganic share was rather comparable in all the 
particles, it could be assumed that the total amount of silica depended on the 
composition of the reaction mixture rather than on the alginate particle size. An 
increased amount of functionalized silica in particles with a larger diameter is then 
associated with a decreased amount of non-functionalized silica from the TMOS 
precursor molecules.  
 
Table 22: CHNS elemental analysis of alginate-sulfonate-silica (ASS) particles and calculated 
degree of functionalization with propyl-linked sulfonic acid functional groups; N is not reported 
as it was not detected 
 
C 
(%) 
H 
(%) 
S 
(%) 
Pr-SO3H 
(%) 
ASS 2.2 mm 17.3 5.0 6.8 26.1 
ASS 2.8 mm 19.9 4.9 7.1 27.3 
ASS 3.5 mm 20.1 4.7 7.4 28.4 
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8.3.3 ADSORPTION PERFORMANCE FOR In(III) 
 
First, the kinetics of adsorption were investigated (Figure 50). It was expected that 
different particle sizes would have an influence on the rate of adsorption. The 
experimental data were therefore modeled with the pseudo-second-order equation 
(Equation 5, Chapter 1, §2.5), to quantify the rate of adsorption (Table A9):320 
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Figure 50: Kinetics of In(III) adsorption with ASS spheres of three different particle sizes.  
As expected, the kinetics were strongly dependent on the particle size. Based on 
the adsorption curves in Figure 50, it was observed that the time required to reach 
equilibrium increased with the particle size: from 2 h for ASS 2.2 mm, over 5 h for 
ASS 2.8 mm to 8 h for ASS 3.5 mm. The same was elucidated from the rate 
constants as calculated by pseudo-second-order kinetic modelling, increasing from 
2.69 over 4.00 to 9.79 L·mol−1·s−1 for the spheres with particle diameters 
decreasing from 3.5 over 2.8 to 2.2 mm, respectively. Presumably, the faster 
kinetics of the smaller particles are related to the higher pore volume and larger 
pore radius in these particles. Note that the adsorption amount tends towards a 
similar plateau value for all particles, approximately equal to (0.57 ± 0.01) mmol·g-
1. Although the particle size is concluded to be an important parameter for the 
kinetics of adsorption, it must be noted here that it is not required to reach 
equilibrium conditions in industrial applications. In 1 h, the majority of In(III) was 
adsorbed by all studied materials, so 1 h is preferred over 5 h, because it would 
lead to significant financial savings. 
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To investigate the adsorption capacity, Langmuir−Freundlich curves were 
constructed (Figure 51). The Langmuir−Freundlich model is a power function 
based on the assumption that adsorption occurs in multiple layers and is expressed 
by Equation 7 (Chapter 1, §2.5).176  
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Figure 51: In(III) adsorption amounts of ASS spheres with different particle sizes as a function 
of the In(III) concentration at equilibrium. A Langmuir-Freundlich fit was constructed, based 
on the averaged parameters obtained for the different spheres. 
With an R² value of 0.99 (± 0.00), the model seemed to fit the averaged 
experimental results almost perfectly, indicating a high thermodynamic similarity 
between the different ASS spheres. Although it was expected that the intrinsic 
particle size would not influence the adsorption capacity, different surface areas 
would. Apparently, the increasing functionalization degree with increasing particle 
size compensated for the deceasing surface area. Other fitting parameters were: KL 
= (1.0.10-4 ± 2.4.10-5) and n = (0.22 ± 0.01). 1/n is higher than unity, indicating that 
In(III) adsorption by the ASS spheres was favorable. An average adsorption 
capacity qmax = (4.89 ± 0.09) mmol·g-1 was calculated. This value is rather 
theoretical, since In(III) concentrations higher than 25 mmol·L-1 are not relevant 
in the framework of dilute (waste) streams. Nevertheless, the ASS loading capacity 
for In(III) was quite high compared to similar adsorbent materials (Table 23). Upon 
comparison of non-functionalized alginate-silica and functionalized ASS, the high 
adsorption capacity for In(III) by the latter adsorbent could be explained by the 
incorporation of strongly coordinating sulfonic acid groups, in addition to the 
hydroxyl and carboxylic acid groups intrinsically present in the non-functionalized 
alginate-TMOS particles.  
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Table 23: Comparison of different adsorbent materials regarding adsorption amount from dilute 
metal solutions of In(III) as the element studied here and Nd(III) as a representative element for 
the REEs 
Adsorbent material 
 
Metal 
 
Conc. 
(mmol·L-1) 
pH 
 
qe 
(mmol·g-1) 
Ref. 
 
ASS spheres In(III) 2.5 3.1 0.56 present 
ALG-TMOS spheres In(III) 2.5 3.1 0.15 present 
ALG-TMOS spheres Nd(III) 2.0 3.1 0.37 [152] 
DTPA-funct. CS Nd(III) 2.5 3.0 0.27 [214] 
Lewatit® TP207 resin In(III) 0.9 3.4 0.48 [305] 
DETA-chitosan nanop. Nd(III) 2.1 5.0 0.38 [321] 
P-functionalized silica Nd(III) 2.3 3.0 0.51 [322] 
 
Next to the adsorption capacity, another important asset of high-performance 
adsorbent materials is their selectivity for specific metals of interest. The selectivity 
of the ASS spheres for In(III) was first investigated from a synthetic binary 
equimolar solution of Ga(III) and In(III), two elements often found together, 
given their comparable chemical properties. The selectivity for In(III) compared 
to Ga(III) as a function of the aqueous pH is shown in Figure 52. 
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Figure 52: Batch adsorption from a synthetic binary equimolar solution of Ga(III) and In(III) 
by ASS spheres with three different particle sizes. Adsorption amount of In(III) compared to 
Ga(III) was measured as a function of the equilibrium pH. 
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Since adsorption amounts were measured at equilibrium conditions, similar 
adsorption amounts were obtained for all particle sizes. It was concluded earlier in 
the text that the particles behave thermodynamically very similar. A significant 
higher uptake of In(III) compared to Ga(III) was observed in the region between 
pH 2.0 and 3.0, a consequence of the higher affinity of the adsorbent for In(III). 
At lower pH values, adsorption of both In(III) and Ga(III) was negligible, whereas 
at higher pH values, both In(III) and Ga(III) were strongly adsorbed by the ASS 
spheres. The selectivity for In(III) was calculated to be maximal at a pH value of 
2.33. At this pH, a separation factor equal to 4.70 was obtained for In(III). 
 
8.3.4 SELECTIVE RECOVERY OF In(III) FROM A MULTI-
COMPONENT LEACHATE 
 
In a next step, a simulated leachate of a typical zinc refinery residue was 
investigated as a model system to evaluate the particles potential for the recovery 
of In(III) from (dilute) In(III)-containing secondary resources. Recovery 
percentages were used to present the results: 
 
, !
, (
 (Eq. 17) 
 
with nM,ads the molar amount of metal loaded to the sorbent and nM,aq the molar 
amount of metal initially present in the aqueous solution. The adsorption results 
for the different metals were very comparable with all particle sizes. For the sake 
of clarity, only the values for the spheres with a diameter of 3.5 mm are shown in 
Figure 53. Of all the metals present in the leachate, In(III) showed the highest 
recovery percentage by the functionalized spheres over the pH range 1.25 – 2.25. 
Upward of this pH, the concentration of Fe(III) in solution decreased rapidly, 
which might be attributed to hydrolysis precipitation.21 Since Fe(III) precipitates 
as Fe(OH)3 from a pH value of 2.0 on, it was assumed that the observed high 
recovery percentage was rather a combination of adsorption and partial 
precipitation. Although the ASS materials clearly showed higher uptake of In(III), 
considerable amounts of the other metals present in the leachate were co-adsorbed. 
It must be taken into account that the relative recovery percentage was lower for 
the other metals, but the absolute adsorption amounts were higher as a 
consequence of their significantly higher concentration in the aqueous feed 
solution. 
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Figure 53: Batch adsorption from a simulated leachate of zinc refinery residue by ASS spheres 
with a diameter of 3.5 mm. Recovery rates are determined as a function of the aqueous pH at 
equilibrium. 
It was investigated whether further selectivity could be obtained by selective 
desorption of the unwanted metals from the loaded adsorbent particles by 
stripping with sulfuric acid. In Figure 54, the desorption percentage from loaded 
ASS spheres with a diameter of 3.5 mm is presented as a function of the H2SO4 
concentration. Desorption percentage is defined as: 
 
,
, !
 (Eq. 18) 
 
with nM,strip the molar amount of metal in the H2SO4 strip solution and nM,ads the 
molar amount of metal loaded to the adsorbent. Whereas considerable amounts of 
all metals present in the leachate were loaded on the ASS materials during the 
adsorption step, the majority of these loaded metals were easily removed again with 
very dilute solutions of H2SO4 during the desorption step. A H2SO4 concentration 
as low as 0.001 M was sufficient to remove more than 50% of adsorbed Cd(II), 
Zn(II), Co(II), Ni(II), Al(III), Ga(III) and Ge(IV). At this acid concentration, 
Fe(III) and In(III) remained adsorbed. Desorption of Fe(III) and In(III) became 
significant at 0.05 M H2SO4. At that point, the other metals had been desorbed 
nearly 100%, except for Ga(III) of which 15% was still adsorbed. 
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Figure 54: Desorption experiment from loaded ASS spheres with a diameter of 3.5 mm. The 
desorption percentage is plotted as a function of the H2SO4 concentration (log scale). 
In a final step, the true potential of the functionalized ASS spheres was examined 
by application of these particles as the stationary phase in a gravitationally eluted 
chromatography column to separate In(III) from the zinc refinery residue leachate. 
The separation experiment comprised a loading stage and an elution stage by 
gradually increasing the H2SO4 concentration of the mobile aqueous phase. The 
full chromatogram is presented in Figure 55. By application of the leachate sample 
on the column, the pH decreased below 2.0. As a consequence, the majority of the 
unwanted metal ions in the leachate sample were not loaded, but eluted directly 
through the column. After addition of the sample to the column, a very dilute 
acidic solution was flown through the column to restore the pH to a value of 2.5, 
ending the loading stage. Already during the loading stage, a high selectivity was 
obtained. The major components Cd(II), Zn(II), Co(II), Ni(II) and Al(III) were 
hardly retained on the column, nor was Ge(IV) adsorbed. The only metals that 
showed strong affinity for the ASS resin were Ga(III), Fe(III) and In(III), which 
were recovered for 20%, 40% and 80%, respectively. In the subsequent elution 
stage, it was observed that the breakthrough of the three latter metals occurred 
rather simultaneously. Here it would be possible to separate them by running the 
eluate into a second column after pH adjustment. Further improvement of the 
separation was considered beyond the scope of this article, reporting on the 
development of an interesting, straightforward functionalization procedure to 
produce multifunctional sphere-shaped adsorbent particles with a high selectivity 
for specifically targeted metals. The current separation experiment is considered to 
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be a good proof-of-principle, demonstrating the high potential of the 
multifunctional ASS spheres developed in this study. Optimization of the elution 
parameters is required to achieve a better separation of Ga(III), Fe(III) and In(III). 
It may be mentioned here that Fe(III) could be easily removed by precipitation, 
since Fe(III) forms hydrolysis precipitates around pH 2.0, whereas In(III) and 
Ga(III) stay in solution at that pH value. Selective removal of Fe(III) could be done 
prior to sampling on the column or after collection of the Ga(III)/In(III) fractions. 
Consequently, the Fe(III) free binary Ga(III)/In(III) solution that would result 
from one column experiment could be subjected to another column cycle to 
separate both respective metals from each other. In Figure 52, it was already shown 
that a higher selectivity for In(III) compared to Ga(III) can be obtained with these 
ASS particles in the pH region between 2.0 and 3.0. 
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Figure 55: Chromatogram of the column chromatography separation experiment by gravitational 
elution. A simulated leachate of zinc refinery residue was sampled on the column and eluted with 
gradually increasing concentrations of H2SO4. The resulting fraction pH is presented by a dashed 
line (right axis). 
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8.4 CONCLUSIONS 
A straightforward sol-gel procedure was developed for the synthesis of large 
quantities of multifunctional hybrid adsorbent materials from alginate. Spherical 
alginate particles were soaked in a silica precursor solution of TMOS and MPTMS 
(in a 1:1 volume ratio) to achieve simultaneous hybridization and functionalization. 
After oxidation of the immobilized thiol groups to sulfonic acid groups, alginate-
sulfonate-silica (ASS) particles were obtained for the recovery of indium(III) from 
secondary resources. Production of different particle sizes (2.2, 2.8 and 3.5 mm in 
diameter) allowed for comparing the corresponding characteristics regarding 
porosity, composition and adsorption kinetics. Mesoporous materials with a high 
pore volume and specific surface area were obtained. More than 25 wt% of the 
particles consisted of sulfonic acid groups homogeneously distributed over the 
alginate-silica matrix. The adsorption of In(III) by ASS particles was characterized 
by slow kinetics, but a high adsorption capacity. In a binary Ga(III)/In(III) 
solution and a multi-element solution, the highest affinity was observed for In(III). 
The higher selectivity for In(III) was exploited by gravitational column 
chromatography to separate In(III) together with Ga(III) from the other major 
elements in the simulated leachate of a zinc refinery residue. Further process 
optimization is required to obtain a full separation of Fe(III), Ga(III) and In(III). 
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The goal of this PhD was to develop high-performance adsorbent materials from 
biopolymers and to investigate their value for the recovery of (critical) metals from 
dilute aqueous waste streams. By physical and chemical modifications to the 
biopolymer structure, it was aimed to obtain adsorbent materials with a high 
potential for application to real industrial process residues. This required a dual 
focus during the research. On one hand, the synthesis procedures had to be 
economic, straightforward and easy to scale up. On the other hand, the materials 
had to show a high capability in terms of metal uptake, separation and reusability. 
 
To improve the characteristics of the investigated biopolymers, chitosan and 
alginate, these were consistently hybridized with silica. In presence of the 
biopolymers, hybridization was initiated by sol-gel chemistry with the silica 
precursors TMOS and TEOS. This way, inorganic silica networks were formed, 
covalently bonded to and interpenetrating with the organic biopolymer matrix. The 
biopolymer-silica hybrid materials showed superior properties, such as a higher 
rigidity (less swelling behavior), a higher stability (chemical resistance against acids 
and bases), a higher porosity and a higher surface area. 
 
EDTA- and DTPA-functionalized chitosan-silica were synthesized from the 
hybrid materials by chemical reaction between the corresponding bisanhydrides 
and the amino groups on chitosan. The functionalized materials were characterized 
by a range of analytical techniques. The adsorbent powder particles consisted of 
30 wt% of functionalized organic material and 70 wt% of inorganic silica. The 
adsorption performance was investigated from single-element Nd(III) solutions. 
The adsorption capacity of DTPA-chitosan-silica was determined to be higher 
than that of EDTA-chitosan-silica. During adsorption from a multi-component 
solution of REEs, high affinity differences were observed with DTPA-chitosan-
silica, in line with the corresponding stability constants between the respective 
metal ions and the free DTPA-ligand: La3+ < Nd3+ < Lu3+ < Eu3+ < Dy3+. 
 
The speciation of Eu(III) coordinated to functionalized chitosan-silica was 
studied. The coordination chemistry was elucidated by combining luminescence 
spectroscopy and EXAFS. From luminescence decay times of the Eu(III) 
coordinated complexes, respectively in water and heavy water, the hydration 
number was derived to be 3 for EDTA-chitosan-silica and 1 for DTPA-chitosan-
silica. By combination with EXAFS data, a coordination number of 9 was obtained 
for Eu(III) complexed by DTPA-chitosan-silica, presumably by coordination with 
four oxygen atoms of DTPA, three nitrogen atoms of DTPA, one nitrogen atom 
of chitosan and one hydrating water molecule. 
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Functionalization of chitosan-silica with the chelating agent EGTA resulted in a 
material with a high adsorption affinity for scandium. From equimolar, binary 
solutions of Sc(III) and Fe(III), it was especially demonstrated that the selectivity 
for Sc(III) was significantly higher with EGTA-functionalized chitosan-silica 
compared to DTPA-functionalized chitosan-silica. The high separation ability was 
exploited to recover scandium from Greek bauxite residue. Scandium was isolated 
from the other major components in the residue leachate (mainly iron, titanium 
and silicon) by chelating ion-exchange chromatography. Pure scandium fractions 
could be stripped from the column with a high recovery rate, since it was observed 
that scandium only broke through the column at a pH of 0.50, a much lower value 
than the ones observed for the other metal ions present in the leachate. 
 
Adsorption of gallium was compared for chitosan-silica particles functionalized 
with 8-HQO and 8-HQA. By chemical immobilization of the aromatic quinoline 
ligands on the amine groups of chitosan, degradation of the resin by physical 
extractant loss or extractant hydrolysis could be avoided, in contrast with 
commercially available resins. Steric hindrance caused by the extra methyl group 
in 8-HQA seemed to hamper complexation of Al(III) and to a lesser extent 
Ga(III), thus improving the selectivity for Ga(III). By adsorption on 8-HQA-
functionalized chitosan-silica used as the stationary phase in a chromatography 
column, gallium could be separated from the highly alkaline aluminosilicate matrix 
in a synthetic Bayer liquor sample.  
 
Addressing application in large-scale chromatography set-ups, the morphology of 
the adsorbent materials was further developed by shaping them into spherical 
particles. By the vibrating-nozzle technology, alginate microspheres were made and 
used to examine the best way to incorporate silica, in terms of morphology and 
composition. The adsorption performance of the non-functionalized alginate-silica 
particles was investigated from single-element solutions of Nd(III). The 
remarkably high adsorption capacity for Nd(III) (and other REEs) was attributed 
to the intrinsic presence of carboxylate groups on the alginate matrix.  
 
Multifunctional alginate-sulfonate-silica adsorbent materials were synthesized 
by simultaneous hybridization and functionalization of sphere-shaped alginate 
particles in a silica precursor solution of TMOS and MPTMS. Different particle 
sizes allowed to compare the corresponding characteristics regarding porosity, 
composition and adsorption kinetics. A high adsorption capacity and selectivity for 
In(III) were observed. By gravitational column chromatography, it was possible to 
separate In(III) together with Ga(III) from the other major elements in a simulated 
leachate of a zinc refinery residue.  
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During this PhD, interesting results were obtained, which will hopefully trigger 
further research in the field of metal recovery by adsorption on modified 
biopolymers. Based on the findings of the present thesis, some promising aspects 
are identified to be of high interest for follow-up research and development. 
 
First of all, further in-depth examination and optimization of the adsorbent 
structure and performance is advisable. For instance, it is very important to have 
better insight in the stability of the adsorbent particles. A considerably higher 
stability resulted from the hybridization of biopolymers with silica. The chemical 
resistance of the hybrid particles is hypothesized to be synergistically higher than 
that of the separate organic and inorganic material, respectively, but this should be 
experimentally confirmed. In addition, the reusability of the adsorbent particles 
should be investigated more into detail. Adsorption/desorption cycles were 
repeated up to 7 times to derive the residual adsorption efficiency, but for industrial 
applications to be economically feasible, one is rather interested in the efficiency 
after about 1000 cycles. Modelling this kind of experiments may be necessary to 
obtain more appropriate estimations. Furthermore, slow adsorption kinetics were 
observed, largely inversely proportional to the particle size (powders vs. spherical 
particles). In this respect, it is valuable to investigate how to further improve the 
porosity. A higher porosity is also beneficial for the liquid percolation through 
chromatography columns. It is important to check at all times whether a good 
exchange of metal ions with the immobilized functional groups is maintained. 
 
Secondly, it is considered highly useful to elaborate on drafting “toolboxes”, 
basically databases relating to both material-metal and material-waste relationships. 
In the development of these databases, lots of data could be collected by practical 
lab experiments, although one may think of more efficient computational methods 
too (like artificial neural networks) to perform high-troughput screenings. These must 
include several parameters like the metal ion’s ionic radius and charge, the number 
and type of electron donating atoms in the ligand’s structure, steric effects, possible 
conformations, etc., to elaborate on all possible structural correlations. This way, 
optimal uptake of any metal may be achieved by immobilizing the proper ligand 
on a stable, solid matrix. In case that straightforward immobilization procedures 
are available, this would eventually allow industrial production of commercially 
available chelating resins based on functionalized biopolymers. In addition, 
characterization of a broad range of waste streams is required as the efficiency of 
metal recovery may be quite dependent on the chemical composition (matrix 
elements, metal concentration, presence of contaminants, acidity/alkalinity) but 
also the physical appearance (fines, sludge, aqueous solution) of the waste stream. 
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Finally, it should be aimed to increase the technology readiness level (TRL) of 
the demonstrated ion-exchange adsorption technology. In the assumption that the 
scientific knowledge on biopolymer-based adsorbent materials is further 
developed (in terms of shaping, hybridization, and functionalization), the focus 
must eventually move to upscaling this technology. Engineering development of 
the process technology may enable the application of these materials in large 
chromatography columns, on pilot and industrial scale. A smart design of the 
chromatography set-up is important to achieve optimal separations of particular 
multi-component mixtures, since these mixtures mostly contain only trace 
concentrations of the element(s) of interest, in the company of large, unwanted 
matrices. Contaminating compounds like iron, aluminum or organic molecules, 
often have a high or similar affinity for the functionalized resin materials compared 
to the metal(s) of interest. Adequate separations may be obtained by continuous, 
sequential column configurations, but this idea must be elaborated further on. 
Another challenge is to collect the valuable metals in as few fractions as possible. 
This way, a scenario would become possible in which, apart from separation, the 
valuable metals could be significantly concentrated with respect to their 
concentration in the feed solution. Finally, a bottleneck to tackle is the 
minimization of the acid consumption during chromatographic separations. 
Therefore, the possibility of recycling the eluent solution in a continuous loop 
should be investigated. 
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HEALTH, SAFETY AND ENVIRONMENT 
Working in a chemical laboratory implies possible risks. Experiments with 
chemicals can be dangerous if the correct code of conduct is neglected. Care was 
always taken so to judge potential risks, prevent possible accidents, and avoid 
damage to infrastructure. The experimental work performed during this PhD 
research was executed in compliance with the guidelines of the Good Laboratory 
Practice of the Department of Chemistry. 
 
The necessary safety precautions in the lab were taken at all times, like working 
under a fume hood and using personal protective equipment (lab coat, safety 
goggles, gloves). Risk assessments were performed for the synthesis procedures 
and the adsorption protocols and approved by the HSE Department before 
starting any experiment. Attention was also paid to the correct disposal of chemical 
waste in the appropriate waste vessels, identified by color code and label. In 
general, no experiments requiring human manipulation were carried out after 
office hours. For unsupervised lab experiments, the necessary information 
concerning the activity was submitted to and approved by the Central Dispatch. A 
notification form was clearly displayed on the entrance door to the room. 
 
The following safety trainings were followed: 
 
• Introductory course about safety guidelines (September 1, 2013) 
• Workshop Radiation Protection (October 15, 2013) 
• Workshop Safety in the Lab (November 6, 2013) 
 
The chemicals used during this PhD project did not represent unusual safety risks. 
Care was taken to minimize direct exposure to toxic metal salts, corrosive 
chemicals (acids/bases) and hazardous organic compounds. Particular care was 
taken during the handling of solvents, like pyridine and methanol. These are 
(highly) flammable and toxic if swallowed, inhaled or contacted with skin. It was 
also realized that contact with TMOS or TEOS causes skin irritation and serious 
eye damage. Inhalation of these compounds is harmful and could be even fatal. 
Furthermore, since fine powders are harmful to the respiratory system and 
potentially also carcinogenic, a mouth mask was worn during the handling of silica 
powder. Finally, during the column separation tests, a pressure maximum of 10 bar 
was set on the MPLC chromatography pump in order to avoid explosion of the 
glass column.  
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APPENDIX 
Synthesis of EDTA-bisanhydride 
 
EDTABA was synthesized according to a literature method described by 
Montembault et al.323 EDTA (29.2 g, 0.1 mol), acetic anhydride (37.8 mL, 0.4 mol) 
and pyridine (48.4 mL, 0.6 mol) were combined in a 500 mL flask, equipped with 
a condenser and a magnetic stirrer. The reaction was carried out at reflux for 2 
hours in an oil bath at 65 °C. Reflux was performed in an inert argon atmosphere, 
to prevent the reaction from contact with water, present in the air. The resulting 
brownish yellow bisanhydride was filtered off and washed thoroughly with acetic 
anhydride (three times) and dry diethyl ether (again three times) giving a creamy 
white powder, which was dried in a vacuum oven at 40 °C until it had a constant 
weight. Yield: 99% (25.48 g; 99 mmol). δH (300 MHz, DMSO-d6): 2.67 (4H, m, 
CH2-CH2-N-CH2-CO); 3.70 (8H, m, N-CH2-CO). δC (75 MHz, DMSO-d6): 51.15 
(N-CH2-CH2-N); 52.21 (N-CH2-CO); 165.77 (CO-O-CO). IR (ATR, cm-1): 1806 
(asymmetric C=O stretch anhydride), 1749 (symmetric C=O stretch anhydride), 
1250 (C-O stretch), 1062 (C-N stretch), 926 (O-H bend).  
 
Synthesis of DTPA-bisanhydride 
 
DTPABA was synthesized in a similar way as described for EDTA bisanhydride. 
DTPA (39.3 g, 0.1 mol) was used, along with acetic anhydride (37.7 mL, 0.4 mol) 
and pyridine (48.3 mL, 0.6 mol). Yield: 98% (35.01 g; 98 mmol). δH (300 MHz, 
DMSO-d6): 2.59 (t, J = 6.15 Hz, 4H, CH2-CH2-N-CH2-COOH); 2.75 (t, J = 6.15 
Hz, 4H, CH2-CH2-N-CH2-COOH); 3.30 (s, 2H, CH2-COOH); 3.71 (s, 8H, CH2-
CO-O-CO). δC (75 MHz, DMSO-d6): 49.85 (CH2-CH2-N-CH2-COOH); 51.65 
(CH2-CH2-N-CH2-COOH); 54.86 (N-CH2-CO); 169.19 (CO-O-CO); 172.54 
(COOH). IR (ATR, cm-1): 1819 (asymmetric C=O stretch anhydride), 1771 
(symmetric C=O stretch anhydride), 1683 (C=O stretch carboxylic acid), 1330 (C-
O stretch), 1106 (C-N stretch), 943 (O-H bend). 
 
Synthesis procedure of EGTA-chitosan-silica 
 
EGTA (3.2 g) was dissolved in demineralized water (100 mL) and chitosan-silica 
(7.5 g) was added. The mixture was heated till 60 °C and stirred for 4 h. After the 
heating and stirring, the mixture has been cooled down to 40 °C after which 1.00 M 
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NaOH (10 mL) and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide 
hydrochloride (EDC, 2.0 g) were added in order to initiate the gelation of the 
mixture. EDC is a water soluble crosslinking agent that activates carboxyl groups 
for the coupling of primary amines. The mixture was stirred for 1 h at 40 °C after 
which the mixture was stirred for 16 h at room temperature. The gel was washed 
with acetic acid 5 m% (50 mL). A 4:2:1 MeOH-AcOH-Ac2O 5 % solution (140 
mL) was added and stirred for 3 h. The gel was successively washed with 0.10 M 
NaOH, demineralized water, 0.10 M HCl, demineralized water and n heptane. 
Since filtration of the slurry took a huge amount of time, the washing steps have 
been carried out by centrifuging the slurry multiple times. Since centrifuging could 
not remove all of the moisture without spilling functionalized particles, the last 
washing step has been conducted by doing a (time consuming) filtration. The 
washed EGTA-chitosan-silica has been dried for 24 h at 60 °C in vacuum. 
 
Table A1: TGA results and corresponding organic content by water correction 
 
Residual mass 
(%) 
LOI 
(%) 
Organic content 
(%) 
Chitosan 0.0 100.0 94.0 
Chitosan-silicai 73.5 26.5 25.0 
EDTA-CS 68.9 31.1 30.3 
Chitosan-silicaii 67.9 32.1 25.8 
DTPA-CS 70.4 29.6 28.2 
i A first batch of chitosan-silica was made to subsequently functionalize with EDTA. 
ii A second batch chitosan-silica was made to subsequently functionalize with DTPA. 
 
Table A2: ICP results and corresponding organic content 
 
Si content 
(%) 
SiO2 content 
(%) 
Organic content 
(%) 
Chitosan-silicai 32.6 69.8 30.2 
EDTA-CS 30.6 65.5 34.5 
Chitosan-silicaii 34.5 73.8 26.2 
DTPA-CS 32.2 68.9 31.1 
i A first batch of chitosan-silica was made to subsequently functionalize with EDTA. 
ii A second batch chitosan-silica was made to subsequently functionalize with DTPA. 
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Table A3: CHN results and corresponding organic content by calculation 
 
C 
(%) 
H 
(%) 
N 
(%) 
Organic content 
(%) 
Chitosan 41.11 7.90 7.45 100.0 
Chitosan-silicai 9.08 1.40 1.60 22.1 
EDTA-CS 11.56 2.15 2.18 28.1 
Chitosan-silicaii 10.47 3.23 1.59 25.5 
DTPA-CS 12.28 3.37 2.14 29.8 
i A first batch of chitosan-silica was made to subsequently functionalize with EDTA. 
ii A second batch chitosan-silica was made to subsequently functionalize with DTPA. 
 
Table A4: Fitting parameters K and n within the Ostwald-de Waele model for solutions with 
different concentrations of sodium alginate 
 K n 
1.0 % (wt/vol) 0.036 0.979 
2.0 % (wt/vol) 0.237 0.912 
3.0 % (wt/vol) 1.040 0.836 
4.0 % (wt/vol) 3.028 0.778 
 
Table A5: Experimental parameters for vibrational droplet coagulation experiments 
 
Pure alginate 
(batch 1) 
Alginate-M600 
(batch 2) 
Nozzle size (µm) 400 400 
Pressure (mbar) 780 750 
Amplitude (mV) 2000 3500 
Frequency (Hz) 750 350 
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Table A6: Mean diameters, corresponding shrink factors and Feret ratios for microspheres dried 
by different methods 
Drying 
technique 
Material 
 
Diameter 
(µm) 
Shrink pct 
(%) 
Feret ratio 
 
Air-dried 
Alginate-TMOS 549 ± 38 30 0.89 (± 0.04) 
Alginate-M600 399 ± 36 64 0.93 (± 0.03) 
Freeze-dried 
Alginate-TMOS 595 ± 45 24 0.85 (± 0.06) 
Alginate-M600 846 ± 48 23 0.87 (± 0.04) 
Supercritical 
CO2 dried 
Alginate-TMOS 692 ± 35 11 0.90 (± 0.04) 
Alginate-M600 839 ± 35 24 0.94 (± 0.02) 
 
Table A7: Reported wavelengths and view mode (AX/RAD) for ICP measurements 
 Cd Zn Co Ni Fe Al In Ga Ge 
λ (nm) 228.8 213.9 228.6 231.6 238.2 396.2 230.6 417.2 265.1 
view mode RAD RAD RAD RAD RAD RAD AX AX AX 
 
Table A8: Ostwald−de Waele model parameters at room temperature for solutions of sodium 
alginate (1.0% (wt/vol), 1.5% (wt/vol) and 2.0% (wt/vol) after 24h of settling 
Sodium alginate 
concentration 
%(wt/vol) 
K 
 
 
n 
 
 
Viscosity 
at  = 1000 s-1 
(mPa·s) 
1.0 0.206 0.937 133 
1.5 0.753 0.882 332 
2.0 2.051 0.831 636 
 
Table A9: Pseudo-second-order kinetic model parameters for ASS spheres with different particle 
sizes 
Particle diameter 
(mm) 
k 
 
qe 
(mmol·g-1) 
R² 
 
2.2 9.79 0.58 0.98 
2.8 4.00 0.59 0.98 
3.5 2.69 0.59 0.96 
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Figure A1: Ca2+ release from alginate(-silica) microspheres (wet) after first contact with solutions 
of increasing HCl concentration. 
 
Figure A2: Stripping percentage of alginate-TMOS and alginate-silica M600 microspheres, 
loaded with Nd(III), as a function of the HCl concentration. 
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Figure A3: Element mappings on cross-sectional images of ASS spheres with a diameter of 2.8 
mm, (a) = C, (b) = Ca, (c) = Si, (d) = S, (e) = O, (f) = CBS reference. 
